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ABSTRACT 

Poly(amidoamine) (PAMAM) dendrimers are nanosized, highly defined, 

hyperbranched polymeric vehicles designed for targeted delivery of drugs or 

bioactive molecules. Whilst heavily researched, their mechanism of interaction 

with biological systems is barely understood. 

Here, medium-generation PAMAMs (-COOH-terminus (G4.5); -NH2-terminus 

(G5)) were characterized by UV-Vis and fluorescence, small-angle X-ray 

scattering and computational simulations. Biophysical (surface pressure 

measurements, neutron reflectometry) and microbiological techniques were 

used to assess modulating factors (i.e. solvent pH, residual methanol) of 

dendrimer-membrane interactions and related toxicity.  

PAMAM surface groups are charged at pH 7, and in phosphate buffer 

solution the dendrimers assumed a compact, near-globular shape (radius ≈2.5 

– 3 nm). PAMAM G5 penetrated anionic phosphatidylglycerol (DPPG, model 

bacterial lipid) monolayers rapidly but showed lesser membrane-activity on 

supported bilayers. Electrostatic effects could be potential drivers but also 

hinder PAMAM G4.5 penetration into DPPG monolayers. 

Across techniques, it was shown that solvent pH influenced dendrimer core 

(tertiary amines) and surface charge, with higher impact on structural 

characteristics of zwitterionic PAMAM G4.5 than of G5. At pH 4, the charge 

effect led to higher penetration levels into DPPG monolayers and bilayers for 

both dendrimers (G5 > G4.5) compared to pH 7.  

Methanol as co-solvent affected PAMAM radii and spectroscopic properties 

across the pH range tested. Additionally, it increased DPPG monolayer 

penetration compared to the methanol-free buffer environment, which could be 

explained by both, the impact on PAMAMs and on lipid layer organization. 

Anti-bacterial efficacy was studied on gram-negative and gram-positive 

bacteria. Amine-terminated PAMAMs led to growth-inhibition of most strains, 

but specifically gram-positive Staphylococcus spp. which are rich in anionic 
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membrane lipids (i.e. PG lipids). Whilst overall less inhibitory than G5, PAMAM 

G4.5 was bactericidal against Staphylococcus saprophyticus. 

Taken together, our findings highlight the significance of the PAMAM 

characteristics and the solvent-PAMAM-lipid interplay and explain, at least 

partially, potential drivers of PAMAM membrane-toxicity. 
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CHAPTER 1: INTRODUCTION 

 

 

 

 

 

This chapter provides a brief background on polymer therapeutics and how 

dendrimers, especially poly(amidoamine) (PAMAM), fit into the bigger picture. 

Furthermore, it presents an overview on biological and model membranes in 

general and presents up-to-date insights on PAMAM – lipid interactions. 
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1 INTRODUCTION 

1.1 BACKGROUND AND PROJECT MOTIVATION 

During the first 30 years after its first appearance in Otts’s article in Science 

in 19301, the term polymer was rarely used in the title or abstract of 

publications. However, since the 1970s polymers have been studied for 

potential (bio)medical and pharmaceutical applications and the number of 

publications related to those applications increased vastly with nearly one 

million publications added to the PubMed Database (as of May 2021) alone 

during the last decade (reviews excluded).  

Polymer therapeutics, including polymer-based drugs, are bioactive polymers 

used in an array of biomedical applications to enable/ improve targeted drug, 

protein or gene delivery. The most common types of polymer therapeutics are 

summarized in Table 1-1. They also belong to nanomedicines, which are 

defined as applied nanotechnology products (0.2 – 100 nm) for medical 

diagnostics, disease prevention or disease treatment2. These systems have 

gained increasing interest globally with over 250 products approved for 

marketing as well as in clinical trials3. Most marketed nanomedicines are 

available for the treatment of cancer and blood disorders, and vaccines 

(Hepatitis A and B, Influenza, HPV)4.  

Within the era of personalized and targeted medicine, the need for new and 

safer biomedical and pharmaceutical products is ever increasing. For in vivo 

diagnostic and therapeutic applications, good biocompatibility in combination 

with favorable biological activity is a big concern, and to meet requirements for 

a safe clinical use, an extensive knowledge of polymer properties, biological 

interactions, activity, and toxicity is key. 

Results of in vitro assays are strongly influenced by the selected cell-type, 

incubation time and assay conditions (i.e., medium composition, pH, 

temperature)5. Some general polymers properties are identified to influence 

biological interactions, i.e., stealth, surface chemistry, smart ingredients, size, 
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concentration, polymer MW (and polydispersity), impurities (e.g., residual 

solvent), shape and aspect ratio, route of administration and stability5-7, 

however each polymer type has its own specific challenges.  

Of special interest for this study are hyperbranched polymers with a radially-

symmetric, tree-like structure illustrated in Table 1-1 – so called dendrimers 

(Greek: dendron – tree). For dendrimers in particular, the generation number, 

the chemistry and structure of dendrimer core and surface branches are 

influencing permeation across epithelial barriers and biological activity8-10. With 

their unique molecular architecture allowing guest molecules to be 

encapsulated within the core and conjugated to the terminal moieties, 

dendrimers are a promising platform for polymer therapeutics11, 12. The 

mechanisms behind biological interactions are yet not fully understood and 

further research in that area is still required. 

The goal of the thesis is to gain a fundamental understanding of how 

individual properties in an experimental system affect lipid membrane binding 

processes and how those processes correlate to reported in vivo activity and 

toxicity of poly(amidoamine) (PAMAM) – one of the first dendrimers to be 

commercialized. Therefore, background on PAMAM dendrimers and their 

current applications and limitations is summarized in section 1.2, whereas 

information on biological membranes and membrane lipids is given in section 

1.3. An overview of membrane models, and specifically biophysical models 

relevant for this work, is provided in section 1.4, followed by a review PAMAM 

interactions with such models in section 1.5. and thesis outline in section 1.6.  
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Table 1-1 Overview of common polymer therapeutics platforms (not exhaustive). 

Polymer therapeutic Recent example application 

Bioactive polymers – Polymeric drugs (10 – 20 nm) 

Linear 

 

Antibacterial activity of linear 

oligoethyleneimine against 

carbapenem-resistant Klebsiella 

pneumoniae13 

Hyperbranched / 

dendron  

 

PEG-dendrons to safeguard 

transplanted pancreatic islets 

from host immune response14  

Dendrimer  

 

Polycationic phosphorus 

dendrimers as in vivo inhibitors of 

Mycobacterium tuberculosis15  

Polymer conjugates with biological macromolecules (10 – 20 nm) 

Polymer – protein 

conjugates 
 

Polymeric hydrogels conjugated 

with target-specific peptides 

promoting osteochondral 

growth16 

Polymer – aptamer 

conjugates  

Calorimetric biosensor for 

Bacillus thuringiensis spores17 

Polymer – antibody 

conjugates 
 

Nanovaccine for cancer 

immunotherapy18 

Block copolymer micelles (50 – 200 nm) 

Polymer spherical 

micelle  

 

Glutathione scavenging and 

reactive oxygen species (ROS) 

generating polymeric micelles for 

enhanced antitumor therapy19 

Polymer cylindrical 

micelle 

 

Brush-shaped polymer micelles 

as nanocarriers for an anticancer 

drug20 

Polymer – drug conjugates (5 – 25 nm) 

Linear delivery 

systems  
 

pH-sensitive HPMA copolymer 

conjugate with doxorubicin21 

Dendrimer – based 

delivery systems   

 

Phosphorus dendrimers / 

copper(II) complexes for 

ultrasound-enhanced tumor 

theranostics22  

Dendritic antibody conjugate as 

cocaine vaccine23 
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1.2 Dendrimers - Poly(amidoamine) (PAMAM)  

Over 40 years ago, the first report on the concept of repetitive branch-like 

growth of molecules to create cavities was published24. Shortly after, Tomalia et 

al25 developed the first macromolecular synthesis of “true dendrimers” (PAMAM 

dendrimers) and Newkome et al26 reported the synthesis of arborols (Latin: 

arbor – tree).  

Since then, the group of dendritic polymers grew and encompasses now 

randomly hyperbranched polymers, dendrigrafts, dendrons, and dendrimers. 

Numerous surface modifications were applied to tune the dendrimer properties 

and functionalities such as solubility, miscibility and reactivity10, 27, 28. 

Generally, dendrimers are synthesized either via the divergent or convergent 

approach29 as highlighted in Figure 1-1a, and are defined by radially joined 

interior layers (generations) of repetitive units (branches) that emerge from a 

focal point (or initiator core) and possess surface functionalities on the terminal 

branches that increase exponentially in number with the generation number 

(Figure 1-1b) 25, 27, 30. Typically, the nanosized molecules are theoretically 

monodisperse in size31, highly water-soluble32 and assume a more globular 

shape with increasing generation (> G4)28, 33, 34.  

1.2.1 Structure and activity of PAMAM dendrimers 

The chemical structure of a PAMAM dendrimer generation 4 is drawn in 

Figure 1-1c. Commercially available PAMAMs that were used for this project, 

have an ethylenediamine (EDA) initiator core, 5 generations and carry primary 

amines as surface groups in case of the full-generation PAMAMs or carboxylic 

acid groups in the case of the half-generation PAMAMs. As shown in Figure 1-1 

(panel d, e), medium-generation PAMAM assume a condensed three-

dimensional conformation, and with the resulting cavities in the dendrimer core, 

and multivalent surface groups that can be easily conjugated, they are ideal 

carrier molecules as cargo can either be attached to the surface12, 31 or 

encapsulated in the interior. In particular, high-generation dendrimers have 

distinctively different nano-environments in their cores and periphery,35 and this 
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core-shell architecture is suitable for encapsulation of molecules that are 

chemically sensitive or incompatible with the environment external to the 

dendrimers31, 36. Furthermore, due to the chargeable moieties throughout the 

molecule, PAMAM dendrimers are pH-responsive37, 38, which is a useful 

strategy for cargo release39-41.  

Particularly the charge of cationic surface groups of PAMAM dendrimers are 

associated to increased cytotoxicity42-45 which is not always a desired feature 

for their biomedical application, and surface modification with more 

biocompatible groups (i.e., pyrrolidone, lauroyl chains, L-cysteine) can help to 

overcome this problem46-48. On the other hand, amine-terminated PAMAMs 

have antibacterial 49-51 and antiviral52, 53 activity that could be utilized for 

therapeutic applications. 

1.2.2 Biomedical applications and limitations 

Due to their unique architecture and nanosize, PAMAM dendrimers are a 

promising polymeric platforms for drug54-56 and gene57-59 delivery and wider 

applications of dendrimers in nanomedicine was reviewed recently by Chis et 

al60 and Dias et al61. PAMAM dendrimers have also been explored for 

immunosensor applications62, 63 and have already been commercialized as 

Stratus CS®, an ex-vivo sensor for cardiac biomarkers64, 65. Another in vitro 

application of PAMAM dendrimers is the use as transfection agents, and 

already two PAMAM-based products are marketed as SuperFect® and 

Priofect®66, 67. 

The favorable properties of PAMAM dendrimers have led to a wide range of 

potential pharmaceutical applications. A pH-dependent complexation to medium 

– high generation PAMAM (≤ G5) improved significantly the solubility of 

hydrophobic drugs such as ketoprofen68, indomethacin69, and anticancer 

flavonoid analogues70 and increased drug availability at the target cells in vitro 

up to 2.3-fold. Therefore, PAMAM-based systems were also probed for pH-

responsive prolonged release applications41, 56, 71.  
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Figure 1-1 Dendrimers from synthesis to structure. Panel a) illustrates the differences 
between divergent and convergent approaches in dendrimer synthesis. The dashed 
lines on the final molecules denote the generations. In panel b) the symbols are aligned 
to the PAMAM dendrimers in the focus of this thesis, where ethylenediamine is the 
initiator core and the terminal generations are decorated with either with primary 
amines or carboxyl groups, for the full-generation or half-generation PAMAMs 
respectively. Panel c) shows the chemical structure of full-generation PAMAM G4 (64 
terminal branches and surface groups), for clarity only a quarter of the molecule is fully 
drawn, and the repetitive unit indicated as R. Each generation is in a different color to 
help identification. The full PAMAM G4 structure was used to visualize the 3D 
arrangement in panel d) and to show solvent-accessible cavities in panel e). Structures 
in panels c – e were created in ChemOffice 2020. 

The ability of the cationic surface groups of full-generation PAMAMs to 

complex nucleic acids72, drugs73 and imaging agents74 made them a popular 

delivery platform in anti-cancer research. Targeted drug delivery to the cancer 

cells was achieved by conjugation of targeting moieties (i.e. antibodies75-77, folic 

acid78-80) to the dendrimer surface, which also helped to reduce cytotoxicity and 

unwanted unspecific interactions caused by common cancer drugs (docetaxel75, 
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76, paclitaxel75, 76, 80, methotrexate77, 78, doxorubicin79). An option to trace the 

PAMAM-mediated drug delivery to the target cell is the conjugation or 

encapsulation of imaging agents, i.e. metal-based magnetic resonance imaging 

(MRI) contrast agents81, 82 or positron emission tomography (PET) 

radionuclides83, 84. Bioimaging is yet another application for PAMAMs, and 

combining targeting moieties with the intrinsic PAMAM fluorescence or 

fluorescent labels enabled visualization of the target cells in prostate cancer 

mouse model85, breast cancer cell-line SK-BR-386 and central nervous system 

of zebrafish87. 

Initially, PAMAM dendrimers were primarily suggested for advanced 

treatments of cancer, but meanwhile their carrier potential and adjuvant effect 

on certain drugs has been explored for the treatment of neurological disorders 

(i.e. Alzheimer’s88, 89, Parkinson’s90, 91), inflammatory diseases (i.e. rheumatoid 

arthritis69, 92, atherosclerosis93, 94) and infectious diseases56, 95, 96. 

Overall, there are fewer reports on the biomedical applications of the 

carboxyl-terminated PAMAMs. So far, half-generation PAMAMs have been 

investigated for applications in dental regeneration97, 98, in the delivery of cancer 

therapeutics99-102, CNS-targeted drugs103-105 and inflammatory agents106-108. 

Furthermore, they have been suggested for potential applications in tissue 

repair and wound healing109-111. Anionic PAMAMs have shown some 

antimicrobial properties53, 112, 113 but less than PAMAMs with neutral or cationic 

surface groups114. However, amine-terminated PAMAMs are generally more 

effective in the outlined applications and the potential use of the half-

generations PAMAMs as delivery system (i.e., for nucleic acids or proteins) is 

somewhat limited to due to the anionic surface groups. 

In general, anionic PAMAMs are exhibiting a favorable biocompatibility 

profile115, 116 with no in vitro cytotoxicity (e.g. Caco-2, Hep G2, SKOV3) or in 

vivo toxicity in zebrafish at high concentrations (≤ 1 mM) compared to the 

cationic counter parts117-119. This was shown in non-cancerous (HUVEC, 

hNPC)120, 121 and cancer cells (4T1, HepG2, DU145, SKOV3, MCF-7)116, 118, 119, 

122, tissue (intestine, lung)115, 123, 124, zebrafish104, 118, 125 and mouse model116, 126, 
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127. Carboxyl-terminated PAMAM also are associated with effective membrane 

translocation117, 128, 129 and good bioavailability100, 104, 126.   

The cationic dendrimers on the other hand have been probed for a wide 

range of applications60, 61, but to date, their less favorable toxicity profile is still 

limiting their clinical applicability8, 44, 130. PAMAM toxicity was shown to be 

dependent on dendrimer properties42, 119, 121, 131 such concentration, generation, 

incubation-time, charge and type of surface groups, and membrane and 

membrane environment properties132-135 such as cell type, pH, uptake 

mechanism. Toxicity of PAMAM dendrimers is not limited to membrane toxicity, 

but also hemotoxicity42, 136, 137 and adverse interactions with serum or plasma 

proteins138-140. However, surface modifications (e.g. lauroyl chains, cysteine) 

can decrease toxicity and improve biocompatibility whilst still retaining the 

efficient cell permeation and molecule delivery properties46-48. 

1.3 BIOLOGICAL MEMBRANES 

In biological organisms, membranes surround cells and most of their 

intracellular organelles. Most commonly they are made of lipid bilayers; they are 

found in all eukaryotes, in most of prokaryotes. Bilayers are 30 – 50 Å thick 

depending on the layer composition and the lengths of the fatty acid tails141, 142, 

which form the hydrophobic core of the lipid membrane. Monolayers are less 

common, but have been detected in some species of thermophilic single-cell 

microorganisms without nucleus (Archaea)143. 

Membranes are dynamic, selectively permeable lipid layers, complexed with 

proteins and carbohydrates. Their arrangement according to the fluid mosaic 

membrane model proposed by Singer and Nicolson in 1972144 was widely 

accepted for decades. The discovery of lipid rafts145, 146, forces and molecules 

that govern membrane deformation, curvature, compression and expansion147-

149, asymmetric distributions of phospholipids between the outer and inner 

leaflet150, 151, discovery of lipid transporters152, 153 various types of membrane 

proteins and membrane-associated proteins154, 155, findings about cis and trans-

membrane control of the mobility of membrane components156-158, consideration 
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of membrane-associated cytoskeletal and extracellular matrix interactions159, 160; 

and protein-protein155, 159, protein-lipid161, 162 and lipid-lipid163, 164 interactions led 

Nicolson165 to update the fluid mosaic model with the new findings in 2014. 

Some of the new findings, such as lipid rafts, lipid asymmetry or cytoskeletal 

interactions are reflected in Figure 1-2. 

 

Figure 1-2 Panel a) illustrates the asymmetric distribution of membrane lipids 
between inner and outer leaflet of the plasma membrane and arrangement of lipid raft 
domains (enriched in saturated phospholipids, sphingolipids, glycolipids, cholesterol, 
lipidated proteins and glycosylphosphatidylinositol (GPI)-anchored proteins).Interaction 
with actin is important for domain maintenance and remodelling. Panel b) Various raft-
like and non-raft domains with distinct compositions and properties define the 
organization of membranes. Reprinted by permission from Nature Reviews Molecular 
Cell Biology, Sezgin et al 2017166. Copyright 2017 Springer Nature. 
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More recently there is a shift from the fluid mosaic to models that also 

consider numerus dynamic membrane processes. In the “picket-fence” 

model167, certain transmembrane proteins are thought to be anchored to the 

actin-based cytoskeleton and as the actin mesh is relatively static, the 

immobilized proteins provide obstacles (“pickets”) to the diffusion of other 

molecules within the cytoplasm168, 169. Another model that is predominantly 

based on thermodynamic equilibrium principles, proposes the membrane as a 

“patchwork quilt”170 of multiple domains of proteins and lipids whereby not only 

various proteins are grouped with subsets of lipid species, but all membrane 

lipids are arranged in functional domains (patches)171.  

Dependent on their composition and localization membranes have various 

functions, including compartmentalization, membrane potential and energy 

conversion/storage, signal transduction and molecular recognition, connection 

of the cytoskeleton and the extracellular matrix, selective barrier and transport 

of molecules172. The membrane- or membrane function- related barriers can be 

categorized into external (i.e. epithelia), en-route (i.e. blood, renal, hepatic and 

splenic clearance, blood-brain-barrier) and cellular barriers (cellular uptake, 

endo-/exocytosis)6, 173.  

In terms of structure and barrier function, the basic bacterial cell membrane 

differs from that of eukaryotic cells. In general, bacteria can be distinguished 

into gram-negative and gram-positive species according to the staining of their 

cell envelope, which is dependent on the structural configuration174 as shown in 

Figure 1-3. All species have a lipid bilayer as cytoplasmic membrane. Gram-

negative bacteria have a thinner peptidoglycan layer (1.5 – 15 nm) than gram-

positive bacteria (30 – 100 nm)175 but have another layer atop of it – the outer 

membrane. The peptidoglycan layer (and outer membrane) is also referred to 

as cell wall, which forms an additional barrier to the cytoplasmatic membrane.  
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Figure 1-3 Schematic illustration of the cell envelope of bacterial cells (not to scale). 
A typical example of gram-negative bacterium is Escherichia coli, an example gram-
positive bacterium is Staphylococcus aureus. Illustration inspired by Berezin et al 
2017176. 

1.3.1 Membrane lipids 

Most lipids have a polar head group and an apolar tail made of one or two 

fatty acid derivatives. Membrane fluidity mainly depends on the specific 

structure (length, saturation) of the fatty acid derivatives and temperature141. 

There are approximately 10,000 different lipids estimated to occur in prokaryotic 

and eukaryotic organisms177 and the diversity is not only due to the head group 

variety but also to length and (un-) saturation of the hydrophobic lipid tails, and 

type of linkage of the of the lipid tails to the head group 178, 179.  

Important membrane lipids are phospholipids, sphingolipids (major 

subgroups: sphingomyelin (SM) and glycosphingolipids) and the non-polar 

sterols (mainly cholesterol in mammals)180. The planar structure of cholesterol 

and its high abundance in the membranes (around 30 %) have a strong impact 

on basic membrane properties such as viscosity or fluidity181. Furthermore, 

cholesterol is involved in cellular processes and signaling events when co-

located with other membrane lipids in condensed microdomains called lipid 

rafts146, 182, 183 that also serve as anchor points for transmembrane and 

peripheral membrane proteins.  

Most structural lipids are phospholipids, such as phosphatidylcholines (PC), 

phosphatidylethanolamines (PE), phosphatidylserines (PS), 

phosphatidylinositols (PI) and phosphatidic acids (PA) as shown in Fig 1-4 for a 

human erythrocyte. Major phospholipids of eukaryotic cell membrane are 

zwitterionic choline phospholipids (CPL) 180, whereas anionic 
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phosphatidylglycerols (PG) and cardiolipin (CL) lipids are predominant in 

prokaryotic membranes180, 184. Examples of the lipid composition of several 

bacterial strains are available in Chapter 6, Table 6-5, which highlights the 

higher abundance of anionic lipids in gram-positive bacteria compared to gram-

negative strains that also contain substantial amounts of zwitterionic PE. 

Furthermore, membranes of bacteria do not contain sterols but hopanoids that 

resemble steroids in structure and membrane functions185, 186. Other bacteria – 

specific membrane lipids are lipopolysaccharides and phosphorus-free 

glycolipids, sulfolipids, homoserine-derived lipids, ornithine lipids that contribute 

to bacterial pathogenicity and adaption to environmental stress (i.e., extreme 

pH)187-189.  

Membrane asymmetry describes the unequal distribution of lipids between 

the inner (facing the cytoplasm) and outer (facing the extracellular space) leaflet 

of membrane and influences mechanical properties190 and physiological 

membrane functions, such as endocytosis152, vesicle budding and trafficking191 

and signaltransduction192. The lipid asymmetry of the human erythrocyte is 

illustrated in Fig 1-4, and unilateral distribution of anionic lipids is a clear driver 

for the electric membrane potential193, 194. The asymmetric lipid distribution also 

affects membrane structure and curvature148, 195 due to the different molecular 

shapes of the lipids as shown in Table 1-2. 
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Figure 1-4 Phospholipid composition of a human erythrocyte as an example for lipid 
asymmetry in membranes. Figure based on data from Virtanen et al 1998196. CPL: 
Choline phospholipids, APL: Anionic phospholipids, PC: phosphatidylcholines, SM: 
sphingomyelin, LPC: lysophosphatidylcholine, PE: phosphatidylethanolamines, PS: 
phosphatidylserines, PI: phosphatidylinositols, PA: phosphatidic acids.  

 

Table 1-2 Impact of lipid shape on lipid self-assembly. Adapted from Gurr and Harwood 
1991197. 

Lipids Membrane curvature and Phase 
behavior 

Molecular 
Shape 

Large headgroup, acyl chain(s) 
occupy smaller volume 
Lysophospholipids, 
Phosphoinositides (PIP2, PIP3). 
Detergents 

Positive membrane curvature  
Favor the assembly membranes into 
normal micelles or cubic structures 

 

Inverted 
Conical 

 
Diameter of headgroup and 
acyl chains similar 
SM, PC, PS, PI, PG, PA 
 

No membrane curvature  
Favor the assembly into lamellar 
structures or flat bilayers  

 

Cylindrical 

 

Small headgroup, acyl chains 
occupy larger volume 
PE, PS at pH < 4, CL 
PA at pH < 3 
 

Negative membrane curvature 
Favor assembly into tubular/ hexagonal 
or spherical inverted micelles 

 

Conical 
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1.4 OVERVIEW OF MEMBRANE MODELS 

Interactions of polymers have been studied using a wide range of methods, 

ranging from physicochemical198-200 over biological42, 201, 202 to computer-based 

approaches203-205. Biophysical model systems as simplified membrane 

representations are as varied as the techniques they are used with, and a 

comparison of the most common ones is provided in Table 1-7. Biological models 

are more complex and include red blood cells206, 207, primary tissue culture or 

immortal cell lines to investigate toxicity 208-210, cellular internalization/uptake211-213 

and biological activity in general209, 210, 214; whereas prokaryotic cultures are used to 

evaluate antimicrobial effects215-217, and at last, organs or whole animals for in vivo 

studies such as pharmacokinetics or long-term toxicity218-220.  

Table 1-3 Comparison of common model membranes for biophysical techniques221, 222. 

 Monolayers 
 

 

Supported Bilayers 

 

Vesicles 

 
Controllable 
parameters 

- lipid composition 
- lateral pressure 

- lipid composition 
- incorporation of 
integral proteins/ 
compounds 
- membrane curvature/ 
patterning 

- lipid composition 
- membrane 
curvature/ 
deformation  
- incorporation of 
proteins 
- lipid packing 

 

- defined geometry of 
lipid assembly  
- homogenous system 
- study of individual 
components possible 

- flat geometry 
- lipid asymmetry 
possible 
- accessibility of both 
leaflets  
- compatible with 
multiple techniques 

- simple preparation  
- free-standing 
membrane 
- compatible with 
multiple techniques, 
including microscopy 

 

- single leaflet not 
physiological 
- restricted to planar 
lipid monolayers (and 
mainly cylindrically 
shaped lipids) 

- restricted fluidity of 
lipids and non-
physiological lipid 
distribution between the 
leaflets  
- possible defects  

- variability in terms of 
size and multi-
lamellarity 
- size potentially 
below optical 
resolution 
- only outer leaflet 
accessible 
- no control of lipid 
distribution in a mix 
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1.4.1 Langmuir monolayer  

Monolayers are simple artificial model for mimicking membrane leaflets and 

studying interactions with molecules223. Those films on the air/water interface, also 

referred as Langmuir monolayers, are prepared by spreading insoluble lipids on the 

surface of an aqueous subphase. To provide a more stable model system, they can 

be transferred onto a solid surface. Generally, monolayers systems are highly 

tunable in terms of the variety and packing of the lipid molecules and the subphase 

conditions (i.e. pH, ionic strength, temperature)224. There are several techniques to 

study monolayer behavior (i.e. lipid arrangements, lateral packing, curvature), such 

surface pressure measurements or tensiometry225, 226, ER-FTIR227, 228, neutron or X-

ray reflectometry228, 229, fluorescence correlation spectroscopy230, 231, (Confocal) 

fluorescence microscopy232, 233, atomic force microscopy (AFM)234, 235 and Brewster 

angle microscopy/ ellipsometry235-237 to name a few. Therefore, monolayer models 

are a versatile tool for characterization of drug-lipid, protein-lipid or lipid-lipid 

interactions at a molecular level223, 238, 239. 

1.4.2 (Planar) lipid bilayers 

Planar lipid bilayers in general are a suitable system for investigating cellular 

surface chemistry and membrane processes such as cell signaling, ligand–

receptor interactions or enzymatic reactions at the cell surface. Planar bilayers 

are more complex model membranes compared to lipid monolayers and can be 

divided into three kinds: black lipid membranes (BLM), supported lipid bilayers 

and tethered bilayer lipid membranes.  

BLMs or suspended bilayers are self-assembled lipid membranes formed 

after spreading aqueous lipid suspension onto an aperture. The suspended lipid 

bilayers partition the aqueous solution and interfere with reflected light, which 

leads to a black appearance240, 241. As a well-established model system in of ion 

channel research242 they have been used study the membrane properties and 

membrane proteins243-247, membrane/ ion channel conductance248-250; and 

channel-active peptides251-253 and molecules254-256.    

More robust and stable than BLMs are supported lipid bilayers, which are 

deposited on a solid substrate such as metal, mica, glass or silicon oxide with a 



17 

 

4 – 20 °A layer of water trapped between257, 258. Van der Waals, electrostatic, 

hydration and steric forces keep the bilayers in place, whilst membrane fluidity 

is still maintained259. The model system allows for surface-specific analytical 

techniques (i.e., AFM260, 261, quartz crystal microbalance260, 262, surface plasmon 

resonance262, 263, vibrational sum frequency spectroscopy264, 265, neutron 

reflectometry260, 266). Supported bilayers have been applied to study membrane 

proteins267, 268 and lipid behaviour269, 270, bio-sensors 257, 271; and membrane-

active molecules222, 272. 

Tethered lipid bilayers or floating bilayers are decoupled from the solid 

substrate by a flexible spacer layer of peptides/ protein273, 274 , polymers275, 276 or 

lipopolymers277, 278 . The spacer layer allows for luminal domains of membrane 

proteins to be accommodated below the bilayer279 and prevents the lipid bilayer 

or membrane proteins interacting too strongly with the supporting substrate257, 

273. The applications for tethered lipid bilayers are similar to supported lipid 

bilayers but with the advantage on a higher membrane fluidity. 

1.4.3 Lipid vesicles 

Lipid vesicles or liposomes are produced from an aqueous dispersion of 

membrane lipids. Their arrangement is similar to a biological membrane, as they 

are composed of two lipid leaflets that encloses a small aqueous compartment. 

Depending on the method of preparation, different types and sizes of liposomes 

can be obtained280, for details refer to Table 1-4. Lipid vesicles are versatile model 

membranes commonly used for investigating membrane properties such as 

membrane dynamics281-284, molecular recognition and cell adhesion285-287, 

membrane trafficking288-290 and interaction with membrane-active molecules291-294. 

Furthermore, they are used as therapeutic platform for the transport of proteins, 

enzymes, DNA or drugs291, 295, 296. 
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Table 1-4 Simplistic comparison of lipid vesicle types280 

Small 

unilamellar 

vesicles (SUV) 

Large 

unilamellar 

vesicles (LUV) 

Giant 

unilamellar 

vesicles 

(GUV) 

Multivesicular 

vesicles (MVV) 

Large 

multilamellar 

vesicles 

(MLV) 

 
 

   

20 nm – 

100 nm 

100 nm – 

500 nm 

> 1 µm 200 nm -       

~3 µm 

200 nm -    

~3 µm 

1.5 INTERACTIONS BETWEEN PAMAM DENDRIMERS AND (MODEL) 

MEMBRANES  

To overcome the persisting issues with PAMAMs’ biocompatibility and 

toxicity, it is vital to understand their effect on biomembranes and interactions 

with lipids as major membrane components (core topic of this PhD thesis), are 

of particular interest. So far, PAMAM effects were studied with several 

membrane model systems (biophysical and biological) and a range of in 

silico203, 204, 297, 298, in vitro129, 198, 205 and in vivo114, 118, 126 techniques.  

Some findings suggest that PAMAM dendrimers either adsorb onto lipid 

layers or form holes after membrane deformation depending on dendrimer 

concentration, generation, charge and type of surface groups198, 299-302. For 

example, PAMAMs with cationic surface groups were shown to incorporate to a 

higher extent into zwitterionic PC bilayers than anionic PAMAMs causing a re-

organization of the lipid bilayers200, and with increasing generation this leads to 

lipid desorption301 up to the point where significant holes198 are formed or the 

membrane is disrupted299, 300, 302 and leakage is measurable198, 205. PAMAM G5 

was also found to form sodium-selective ion channels in neuronal 

membranes264. PAMAMs were found to bind strongly to anionic lipids, such as 

PG, PI or PS, as seen in lipid monolayer and bilayer experiments265, 303, 304, 

irrespective of the dendrimer surface charge which suggests an involvement of 
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the tertiary amines in the dendrimer core. A simulation study of PAMAM G4 on 

a negative mixed-lipid bilayer found increased dendrimer adsorption with 

decreasing pH that eventually led to hole formation and increased membrane 

asymmetry due to lipid flip-flop305. 

In general, possible effects on lipid membranes include hydrophobic 

(mis)match effects, chain stretching of the lipids close to the site of interaction, 

changes in lipid packaging and lateral pressure, phase separation (domain 

formation), induced or suppressed membrane curvature and membrane 

thinning306-309. The diversity of membrane interactions not only depends on lipid 

layer properties (i.e. lipid types and phase)203, 204, 227, but also on dendrimers 

characteristics204, 301, 308 and the surrounding environment (i.e. solvent 

conditions)227, 297, 305. Thus far, most studies only focus on individual aspects 

rather than combined effects, therefore further research is required to gain a 

better understanding of the biological effects. 

1.6 THESIS OUTLINE  

The overall aim of this project is to systematically investigate PAMAM – 

membrane interactions, in view of understanding dendrimer-mediated 

processes in biological systems. This thesis aims to look at the interplay 

between various solvent conditions, PAMAM dendrimers with different 

physicochemical properties (generation, surface functionality and concentration) 

and membrane lipids and link it to PAMAMs biological activity and toxicity.  

The following hypothesis are addressed in the experimental thesis chapters 

as outlined in Fig 1-5 by using biophysical and microbiological techniques, and 

model and bacterial membranes.  

1) Depending on their functional groups, dendrimer structures are adaptive to 

environmental conditions, which eventually affects their behavior in solution 

(Chapter 3) 
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2) Full-generation and half-generation PAMAM interact differently with lipid 

membranes and the interaction can be altered by changing solution conditions 

(Chapter 4 and 5) 

3) Lipid interactions are the driving force behind the PAMAM effect on 

biological membranes and determine nanotoxicity (Chapter 6) 

 

Figure 1-5 Schematic outline of the thesis concept and integration of the chapters 

The main techniques used for the experimental chapters (surface pressure 

measurements and neutron reflectometry) are explained in Chapter 2, while 

chapter-specific methodology is reported in the relevant chapters. 

Solution condition-dependent changes of PAMAM G4.5 and G5 dendrimers 

are characterized with spectroscopic techniques (UV/Vis and fluorescence), 

small-angle x-ray scattering (SAXS) and complementary molecular dynamics 

simulations in Chapter 3.  

Chapter 4 explores the lipid affinity of both PAMAM dendrimer species to 

zwitterionic DPPC and anionic DPPG lipid monolayers at neutral solvent pH 

with surface pressure measurements and external reflection Fourier-transform 

infrared spectroscopy (ER-FTIR). 

Changing solvent conditions (modulators of the PAMAM structure in Chapter 

3) and the DPPG binding preference (observed in Chapter 4) are further 

explored with surface pressure measurements and neutron reflectivity (NR) on 

monolayer and bilayer models in Chapter 5.  

CHAPTER 1

Introduction

CHAPTER 3

Dendrimer Structure, pH and Methanol

CHAPTER 4

PAMAM & 

Lipid Selectivity
CHAPTER 5

PAMAM, DPPG 

and Solvent

CHAPTER 6

PAMAM, Bacteria and Lipids

CHAPTER 7

General 

Discussion

Hypothesis 1

Hypothesis 2

Hypothesis 3

CHAPTER 2

Materials &

Methods

BACKGROUND EXPERIMENTAL

EFFECTS OF PAMAM DENDRIMERS ON BIOPHYSICAL AND BIOLOGICAL MEMBRANES
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In Chapter 6, the PAMAM effect on membranes is studied using the most 

complex anionic membrane model – living bacteria. Growth kinetics of gram-

negative and gram-positive bacteria are monitored by absorbance readings and 

bacterial survival (determined by colony-forming units (CFU)), and the findings 

are linked to lipidomics reports in literature.  

Finally, in Chapter 7 experimental findings are evaluated and considered in 

the wider context of research in this field, and potential lines of future work are 

indicated. 

1.6.1 Scientific rationale 

PAMAM dendrimers were selected for this project as they are promising 

candidates for drug-delivery solutions with widely researched potential 

applications (see section 1.2.2 for more details). In general, medium-generation 

PAMAM dendrimers, such as the selected G5, have better loading capacity as 

the low-generation dendrimer (i.e. G3 or lower) and a more favorable 

biocompatibility than the high-generation PAMAM (i.e. G7 or higher). However, 

there are still some knowledge gaps with regards to factors modulating 

observed toxicity; and much less is known for half-generation PAMAM, such as 

G4.5 used in this study, compared to full-generation PAMAM. 

Lipid monolayer and supported bilayer are well established simplistic models 

for studying membrane-active molecules with a range of biophysical techniques 

(see section 1.4.1 and 1.4.2 for details). Components of these models are easily 

tunable and thereby modulating variables (i.e. pH, solvent, lipid type, lateral 

pressure) of membrane interactions can be assessed individually.  

Bacterial membranes predominantly consist of PG lipids and whereas 

eukaryotic membranes are rich in choline phospholipids (refer to section 1.3.1 

for details), therefore dipalmitoylphosphatidylglycerol (DPPG) and 

dipalmitoylphosphatidylcholine (DPPC) were selected as representative model 

lipids. Furthermore, these lipid species self-assemble into lamellar structures 

(flat layers) which makes them suitable for monolayer and supported bilayer 

membrane models. 
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CHAPTER 2: METHODOLOGY 

 

 

 

This chapter aims  to  provide more information on the experimental techniques 

Surface Pressure Measurements and Neutron Reflectometry and a general 

indication on how to interpret results generated from those techniques.
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2 METHODOLOGY 

2.1 MATERIALS 

Salts, solvents, and deuterium oxide (D2O) for buffers were obtained from Sigma 

Aldrich (UK) and Fisher Scientific (UK).) Ultrapure (UHQ grade,18.2 mΩ) water was 

produced in-house by an ELGA water purifier. Phosphate buffers (I = 0.034 M) at 

pH 4, pH 7 and pH 10 were prepared in either UHQ grade water or D2O. D2O-

buffers were used for neutron reflectometry and external reflection FTIR only 

whereas aqueous phosphate buffers were used for all other techniques. Enriched 

salt buffer was prepared adding 144 mM sodium chloride to phosphate buffer pH 7. 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (hydrogenated, h-DPPC, 734 g 

mol-1); 1,2-dipalmitoyl-d62-sn-glycero-3-phosphocholine (deuterated, d-DPPC, 796 

g mol-1); 1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) 

(hydrogenated, h-DPPG, 744 g mol-1) were purchased from Avanti Polar Lipids Inc 

(USA) and used without further purification The powdered phospholipids were 

dissolved in chloroform to lipid stocks of a concentration of 0.5 – 1 mg mL-1. DPPG 

required up to 10% methanol as solubility enhancer. The chemical structures of the 

lipids are shown in the Supplementary section 5.6.1 in Table 5-2.  

Methanol solutions of amine-terminated PAMAM G5 (28,826 g mol-1,) and G3 

(6,909 g mol-1), and carboxyl-terminated PAMAM G4.5 (26,258 g mol-1) and G2.5 

(6,267 g mol-1) were obtained from Sigma-Aldrich (UK). Dilutions in phosphate 

buffer were made with and without prior methanol removal (depending on the type 

of experiment) and the final PAMAM concentrations for each model system are 

summarized in Table 2-1. Structural information of PAMAM dendrimers can be 

retrieved in Section 1.1.1, Figure 1-1. 
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Table 2-1 Final PAMAM concentrations used for membrane interaction studies. 

Experimental 

model system 

PAMAM G5 PAMAM G4.5 PAMAM G3 PAMAM G2.5 

Lipid 

Monolayers 

0.3; 0.12; 0.06; 

0.024; 0.018; 0.012; 

0.0024 mg mL-1 

0.3; 0.18; 0.12;   

0.06; 0.012 mg mL-1 

N/A N/A 

Supported 

Lipid Bilayers 

0.3; 0.06 mg mL-1 0.06 mg mL-1 N/A N/A 

Bacterial 

Strains 

1, 0.1; 0.01; 0.001 

mg mL-1;  

1, 0.1; 0.01; 0.001 

mg mL-1 

1 mg mL-1 1 mg mL-1 

2.2 SURFACE PRESSURE MEASUREMENTS  

The method was used to measure changes in surface pressure of a lipid 

monolayer at the air/liquid interface upon the adsorption of polymer from the 

sub phase and to aid the preparation of phospholipid monolayers stable in the 

condensed phase1. The Langmuir trough and surface pressure measurements 

were also used to prepare monolayers for use with other analytical techniques. 

Surface pressure (π) is equal to the surface tension of a clean water 

interface (γ0) subtracted by the surface tension measured (γ) by the pressure 

sensor (Wilhelmy plate). 

𝜋 =  𝛾0 − 𝛾 

 

The force due to the surface tension (γ) on the Wilhelmy plate, when partially 

immersed into the subphase, is measured. The force is converted to surface 

tension only with knowledge of the plate dimension (length, width).  
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Figure 2-1 Wilhelmy plate submerged in subphase, where.θ is the contact angle, t 
thickness, w width and  l length of the plate. 

The Wilhelmy plate consists of a small strip of chromatography paper, used 

to maintain the contact angle at 0°. The weight of the plate is set to zero before 

each surface pressure reading. Surface tension is determined as shown as 

follows 

𝛾 =
𝑓𝑜𝑟𝑐𝑒

2 (𝑤 + 𝑡)
 

 

2.2.1 Preparation of the Langmuir trough 

For the surface pressure measurements a small Langmuir-Blodgett Trough 

(Nima Type 611)(Figure 2-2a) with two moveable Teflon barriers was used. The 

Wilhemy plate was made of filter paper. 

Prior to each experiment, the trough and barriers were cleaned thoroughly 

with repeated washing steps involving ethanol and UHQ grade water. After the 

cleaning procedure the surfaces were wiped with pure chloroform to remove 

any residual contaminations, and then filled with 80 mL of phosphate buffer. 

Impurities (i.e. dust particles) were removed from the surface by aspiration, 

and cleanliness of the surface checked through compression on the bare 

subphase. The presence of impurities could then be observed by an increase in 

the surface pressure. Compression and aspiration of the bare subphase was 

repeated until no increase in surface pressure (< 0.2 mN m-1) was observed. 

Once the surface was prepared the barriers were placed in the open position in 

preparation for lipid layer formation. 
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Figure 2-2 Langmuir Blottgett trough setup. The instrument is shown in situ in panel 
a), with a close-up of the pressure sensor and the Wilhelmy plate in panel b). A 
simplified illustration of the setup and preparing the lipid monolayer is shown in panel c. 

2.2.2 Preparation of lipid monolayers 

Depending on lipid type, the powder lipids were dissolved in chloroform or 

chloroform-methanol mixture and small quantities (µl range) of this stock 

solution were spread dropwise onto the subphase. Time was allowed for the 

chloroform to evaporate, which was indicated by the lipid surface pressure 

stabilizing near the baseline.  

Surface pressure (π) – area per molecule (Å2) isotherms of the lipid 

monolayers were recorded to ensure verify their quality and stability, but also to 

observe the phase transitions and ensure the monolayers are in the solid state 

at the chosen pressure for sample addition. Exemplary compression isotherms 

of DPPC and DPPG monolayers are shown in Figure 2-3, prominent phase 

transitions from the liquid-expanded (LE) to the liquid-condensed (LC) state and 
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from the LC to the solid (S) state could be demonstrated indicating high quality 

monolayers. 

 

Figure 2-3 Exemplary compression isotherms of DPPC (black) and DPPG (grey) 
monolayers at room temperature. At large areas per molecule, the monolayers exist in 
the gaseous state (G) and undergo a phase transition to the liquid-expanded state (LE) 
during compression. Upon further compression, the LE phase undergoes first a 
transition to the liquid-condensed state (LC); and finally, the monolayer reaches the 
solid state (S). The orientation of the molecules in the different phases is schematically 
illustrated. Arrows indicate lipid phase transitions. Illustration inspired by Oliveira et al 
20172 and Maget-Dana 19991. 

The surface area was held constant by barriers allow for the lipid layer 

stabilization (lipids in solid state) around the target initial pressure. 

2.2.3 Dendrimer addition 

Once the lipid monolayer was stable, 2mL of concentrated dendrimer solution 

(in buffer) was carefully added into the phosphate buffer subphase with a 

custom-made needle. The changes in surface pressure were monitored for at 

least 60 min. The maximum value of change in surface pressure (Δ) was 

determined and used for further analysis. An illustration of the complete process 

provided in Figure 2-4. 



55 

 

 

Figure 2-4 Illustration of the experimental steps on the Langmuir trough, including 
lipid monolayer preparation and PAMAM addition. 

2.2.4 Data interpretation 

This technique is sensitive to changes in surface pressure, and these are 

caused when the lipid monolayer is disturbed and changes in lateral packing 

occur. Therefore, the changes are most likely related to penetration of 

molecules into the lipid layer or changes to the lipid layer itself (i.e. bending). 

Membrane-active molecules either adsorb below lipid head area or penetrate 

into the lipid layer and intercalate between the lipid molecules and in the worst 

case destroy the lipid layer (surface pressure decrease). In Figure 2-5 the 

adsorption and penetration mechanism are simplified and the resulting changes 

in surface pressure parameters indicated. 
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Figure 2-5 Schematic adsorption and penetration of membrane-active molecules 
into lipid monolayers with related changes in surface pressure.  

2.3 NEUTRON REFLECTOMETRY 

2.3.1 Fabrication of lipid bilayers on to solid supports 

Lipid monolayers were created according to the techniques described in Section 

2.1.2 with the difference that a cooled, nonbuffered water subphase containing 

5 mM CaCl2 was used. Prior to monolayer deposition, the lipids were 

compressed to a surface pressure of > 35 mN m−1.  

The lipid bilayers were deposited onto polished silicon crystals utilizing a 

purpose-built LB trough (KSV-Nima, Biolin Scientific, Finland)3. The inner leaflet 

of the membrane was fabricated by LB deposition of either tail-hydrogenated h-

DPPC or tail-deuterated d-DPPC onto the silicon surface. Thereby, the silicon 

block is immersed into the subphase prior to creating the lipid film on the 

surface. Langmuir−Schaeffer (LS) deposition of h-DPPC or h-DDPG was used 

for the outer leaflet4 as shown in Figure 2-6, in that step the lipid film is created 

first and the crystal with the already deposited inner leaflet is “pushed” onto the 

second monolayer to create the bilayer. The crystal with the deposited bilayer 

was then placed in a purpose-built liquid flow cell for analysis of the silicon-

liquid interface. 
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Figure 2-6 Preparation of a supported bilayer. First step is the Langmuir-Blodgett 
deposition of a lipid monolayer onto the silicon substrate. The second (outer) leaflet of 
the bilayer is created in Step 2 using the Langmuir-Schaefer deposition. Illustration 
inspired by Belegrinou et al 20105. 

2.3.2 Neutron reflectivity measurements 

Measurements were performed on the specular INTER6 and SURF 

reflectometer at the Rutherford Appleton Laboratory (Oxfordshire, UK), using a 

neutron spectrum with wavelengths from 1 to 16 Å. The reflection intensity was 

recorded at angles of 0.7° and 2.3° to cover a momentum transfer range Qz of 

0.01 – 0.5 Å− 1 (Qz = (4π sin θ)/λ; λ= wavelength; θ= incident angle). The liquid 

flow cells containing the deposited bilayer were placed on a variable angle 

stage in the beamline and connected to the pump to enable automatic change 

of solution contrasts. The setup of the liquid flow cells and part of the INTER 

beamline is shown in Figure 2-7 and 2-8. 

For experiment we used a chain-deuterated and chain-hydrogenated lipid 

bilayer. The isotopic solutions contrasts were H2O and D2O-based phosphate 

buffers and silicon-matched water (SMW; 38% D2O: 62% H2O), both as buffer-

only and PAMAM-containing contrast. The lipid bilayers were first characterized 

with all contrasts on their own to check the quality of the layer and generate 

baseline data. Then, the bilayers were studied again under the addition of the 

PAMAM solutions. Therefore, up to 12 reflectivity contrasts were generated in 

each PAMAM system. 
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Figure 2-7 Setup in the INTER Beamline. Panel a) shows the view into the beamline 
with the mirror and detector area highlighted by the red box. Panel b) and c) show the 
setup of the liquid flow cells on the movable stage and connection to the pump. 

 

Figure 2-8 Simplified setup of the neutron experiment at INTER shown in Figure 2-7 
panel c. 
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2.3.3  Simplified interpretation of neutron reflectivity data 

The reflectivity raw data were fitted with Rascal7, the STFC/ ISIS own analysis 

software. Models could be customized to the available solution contrasts and 

lipid systems used. Here, we used a five-layer slab model, that accounts for the 

silicon subphase, inner leaflet lipid headgroups, inner leaflet lipid tails, outer 

leaflet lipid tails and outer leaflet headgroups. The bulk solution contrast 

(including PAMAMs) was also fitted. Fitting the reflectivity data resulted in 

scattering length densities (SLD) profiles, that could then indicate any changes 

to one of the layers. A simplistic overview on those changes caused by 

membrane-active molecules is given in Figure 2-9. It should be noted that 

neutron scattering dependent on the atomistic composition of the studied 

materials and differences between the material and the solution contrasts. 

Therefore, the changes visible will be most pronounced when the material SLD 

is distinctively different from the solution contrast SLD, i.e. hydrogenated tails in 

D2O contrast or deuterated tails in H2O contrast. 

 

Figure 2-9 Potential changes in the SLD profiles caused by membrane-active 
molecules.  
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2.4 GENERAL DATA ANALYSIS, DRAWING AND FIGURE SYNTHESIS 

Where no instrument-specific software was required, data wrangling and 

general data analysis was conducted in Microsoft Excel (Microsoft 365).  

Final statistical analysis was performed with GraphPad Prism 8.4.1. 

ChemDraw and Chem3D (ChemOffice 20.0) were used for structural drawing 

and visualization of scientific objects. 

Unless stated otherwise, illustrations were created by the PhD candidate 

based on the knowledge and ideas of the candidate that were derived from 

broad reading of textbooks and research articles in the field. Complex figures 

and illustrations were synthesized in Microsoft Powerpoint, in combination with 

elements from ChemDraw, own Microsoft Excel graphs and photographs.  
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ABSTRACT  

Poly(amidoamine) (PAMAM) dendrimers potentially have a wide range of 

biomedical applications and therefore it is important to understand their 

behavior in physiological solutions. This work studied solutions of full-generation 

PAMAM G5 (-NH2) and half-generation PAMAM G4.5 (-COOH) in phosphate 

buffer of different pH, and with and without residual methanol as a co-solvent. 

The effect of the various solvent conditions was experimentally evaluated by 

using spectroscopic (UV/Vis, fluorescence) and scattering (SAXS) techniques, 

and computational simulations (coarse-grained MD with implicit solvent). Taken 

together the results showed that the molecular structure was affected by the 

presence of methanol and pH, highlighting the importance of experimental 

parameters when interpreting data from PAMAM systems. Changing pH was 

also shown to alter PAMAM three-dimensional structure. Differences between 

the behavior of the full and half generation PAMAMs are attributed to the 

changes in molecular charge under the different solution conditions used. 
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3.1 INTRODUCTION 

Dendrimers, specifically poly(amidoamines) (PAMAMs), first described by 

Tomalia and co-workers1, display a symmetric, well-defined molecular 

architecture with very low polydispersity2 and functionalized surface groups 

which allow tuning of properties such as solubility, miscibility and reactivity.3 

Their general structure consists of three distinct domains: (i) an initiator core, (ii) 

radially joined layers (generations) of repeating units, and (iii) an exterior 

surface functionality whereby the number of exterior surface groups doubles 

with each generation number.  

Dendrimers are available commercially in generations G0 to G10 with a 

range of different cores and functional surface groups. Given their numerous 

modifications deriving from research, their diversity allows a variety of 

applications, not only in the biomedical field (summarized in Table 3-1).  

Table 3-1 PAMAM applications using different strategies of chemical alterations. 
References are exemplary for the application, but not comprehensive. 

 
Native or Surface-

modified 

Non-covalent 

(Complexed or 

Encapsulated) 

Covalent 

(Conjugated) 

Therapeutic 

API4, Active Scaffold 

for Dental 

Remineralisation5 

Hydrophobic Drugs6, 

Nucleic Acids7, 

Proteins8 

Drugs9, Peptides10, 

Antibodies11, Folate12 

Diagnostic / 

Imaging 

Fluorescent Tags13, 

Intrinsic 

Fluorescence14 

Contrast/ Imaging 

Agents15, 16 

Metals17, Imaging 

Agents18, 

Antibodies19 

Theranostic N.A. 
Imaging Agent + 

Cancer Drug20 

Fluorescent Tag+ 

Peptide21 

Other / Ex-vivo 
Biosensor22, 

Biomaterial23 

Catalyst24, 

Semiconductor25 

Bioadhesive26, 

Optical Sensing27 
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Since PAMAM dendrimers are promising candidates in therapeutic and 

diagnostic applications, they require increased efforts to elucidate their structure 

and properties at (sub-) cellular levels. To date, the toxic effects of the cationic 

surface groups of the dendrimers are still limiting their clinical use 28-30. In 

comparison, PAMAMs with carboxyl or hydroxyl surface groups are 

considerably less or even non-toxic to eukaryotic organisms31, 32, but fewer 

studies have focused on their interactions and potential applications. Recently, 

half-generation PAMAMs (carboxyl surface groups) have been investigated for 

applications in dental regeneration,33  delivery of cancer therapeutics34-36 and 

inflammatory agents37, 38.  

Biological experiments involving PAMAM dendrimers typically involve 

applying the dendrimer onto a biological model (e.g. mammalian cells) and then 

measure an experimental output (e.g. fluorescence, UV/Vis etc.). Physico-

chemical parameters including pH, solvent type, temperature, or sample 

concentration are known to have a significant effect on the conformation and 

behavior of the dendrimers (see Table 3-2), however some aspects are not 

always controlled when investigating biological interactions. For example, 

numerous research groups use commercially available PAMAM as is supplied 

in methanol solution, and often simply dilute with a biologically friendly solvent 

(i.e., culture medium, phosphate buffer) depending on the purpose of the 

study39-42 (summarized in Table 3-2). The presence of a small amount of 

residual methanol is often considered acceptable if kept low (≤ 1 %). However, 

biophysical studies have shown that methanol lowers the surface tension of 

water43 and affects the structure of lipid bilayers44, 45. Therefore, aqueous cell 

culture medium containing even traces of methanol might impact on culturing, 

toxicity, or uptake studies more than anticipated. Whilst studies have reported 

considerably high tolerance levels of various cell types,46, 47 an effect on human 

biochemical pathways can be already observed at methanol concentrations as 

low as 0.08 %.48   

 

Table 3-2 Common experimental variables that can affect the experimental 
endpoints and measured outputs. Examples are focused on PAMAM dendrimers. 
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a Screening of recent 200 publications showed that 22 research articles matched our 
inclusion criteria and used commercial PAMAMs. Of these, only 5 stated that methanol 
was removed prior to biological or biophysical experiments (see supplementary 
information, Table 3-5). 

The chemical structure of PAMAM dendrimers does not contain typical 

fluorophores, however, the phenomenon of blue emission was first reported in 

1991 by Larson and Tucker49 for half-generation PAMAM. Since then, it was 

also observed for dendrimers with other surface moieties or structural 

modifications and was termed non-traditional intrinsic fluorescence (NTIF)50-53. 

A better understanding of the NTIF of PAMAM dendrimers is important for 

developing applications such as sensing54, 55 or label-free, traceable drug or 

gene delivery.14, 56, 57 Whilst the cause of the blue intrinsic fluorescence is not 

fully explained yet, however, it is assumed to mainly originate from the 

dendrimer core (tertiary amines, resonance structures)51, 58 with an indirect 

impact of the surface groups. Additionally, it can be affected by oxygen-doping 

and aging of the dendrimers in solution52, 59 and by solvent-dependent non-

covalent aggregation of solvent and dendrimer53. Some studies indicated a pH-

dependency of the fluorescence intensity with higher emissions at acidic 

conditions compared to basic conditions,50, 51, however, other researchers 

observed the opposite behavior60, 61. 
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Finally, for biomedical applications, it is important to understand the solution 

properties of an active molecule and factors potentially affecting those 

properties. Solution scattering techniques such as small angle scattering with 

either X-rays (SAXS) or neutrons (SANS) are well-established for 

characterization of macromolecules in solution62 and are often complemented 

with computational techniques to gain conformational information63, 64. However, 

such experiments are mostly performed in non-physiological solvents and 

therefore are limited in their relevance to biological systems. To date, PAMAM 

behavior in solution has not been studied in complex, physiological-like solvents 

such as phosphate buffer. The chosen dendrimer solvent for SAXS was mostly 

pure methanol65 or deionized water,66 whereas for SANS the preferred solvent 

is based on D2O67. Also amino-terminated PAMAM dendrimers68, 69  have been 

studied more frequently than their carboxyl-terminated counterparts66, 70.  

Molecular dynamics simulations have mainly focused on the structural 

behavior (size, shape) of amine-terminated PAMAM dendrimers, either in the 

gas phase,71 with implicit72 or explicit water,73 and with methanol,74 whereas 

only very few studies have involved half-generation PAMAM-COOH 

dendrimers75, 76. Studies revealed the effect of counter ions,77 surface 

modification,78 solvent type,74 pH73 or intramolecular interactions with water,79 

and very few studied the pH-dependent interaction with a model bilayer 

membrane80. 

The overall aim of this study was to assess how experimental parameters 

using commercial PAMAM dendrimers affected physico-chemical and structural 

properties, and consequently how those changes might impact on interactions 

in biological studies and/or their interpretation. We provide an in-depth study 

investigating how properties of PAMAM G5 and G4.5 dendrimers vary under 

different conditions, namely in phosphate buffers at pH 4, 7 and 10 with the 

presence and absence of residual methanol. Specifically, we first used the 

experimental techniques of spectroscopy (UV/Vis, fluorescence) and small-

angle scattering (SAXS). These findings were then complemented with 

computational studies based on a coarse-grained (CG) bead-spring model. 
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3.2 EXPERIMENTAL SETUP 

PAMAM dendrimers solutions in methanol of generation 4.5 (COOH surface 

groups, MW ~ 26.3 kDa) and 5 (NH2 surface groups, MW ~ 28.8 kDa); solvents 

and sodium phosphate salts were purchased from Sigma Aldrich (UK). 

Ultrapure (UHQ-grade) water was obtained in house from a TripleRed Alto UHQ 

water machine (TripleRed, UK). 

3.2.1 Sample preparation 

Phosphate buffers of pH 4, 7 and 10 were prepared in house with sodium 

phosphate salts and UHQ-grade water to an ionic strength of 0.04 M. For 

UV/Vis and fluorescence, PAMAM dendrimers were either used as supplied in 

methanol and directly diluted in phosphate buffer (2 % residual methanol) or the 

methanol was evaporated (min. 24 h in desiccator) and the film was rehydrated 

to a maximum PAMAM concentration of 1 mg mL-1 which was then further 

diluted (range 0.5 – 0.0625 mg mL-1).  

The PAMAM samples were freshly prepared, stored at room temperature and 

used within 3 days of preparation. 

3.2.2 Ultraviolet and visible spectroscopy (UV/Vis) 

The UV/vis measurements were carried out on a Varian Cary 300 UV-Visible 

double-beam spectrometer, using an automatic cell changer. For the 

measurements, a scanning rate of 600 nm min-1, data interval of 1 nm and an 

averaging time of 0.1 s was set, and the samples were scanned in the range of 

450 - 250 nm. Subtraction of the phosphate buffer background was done 

manually.  

3.2.3 Fluorescence spectrophotometry (fluorescence) 

A Varian Eclipse Fluorescence spectrophotometer was used for the 

fluorescence spectra measurements. The slit width was 5 nm, with a scanning 

rate of 600 nm min-1, data interval of 1 nm and an averaging time of 0.1 s. The 
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PMT voltage was set to ‘Medium’, the excitation filter to ‘Auto’ and the emission 

filter to ‘Open’. Background subtraction was done manually. 

Initially, a search scan (10 nm steps) for the emission and excitation was 

performed with 1 mg mL-1 PAMAM solution to determine the optimum emission 

and excitation wavelength for each PAMAM species and pH. Following this, 

single emission wavelength scans at fixed excitation wavelength were run for all 

sample concentrations.  

3.2.4 Small angle X-ray scattering (SAXS) 

Data Collection. Solution small-angle X-ray scattering (SAXS) was 

performed on the bioSAXS beamline B21 at Diamond Light Source (Harwell, 

UK)81. PAMAM sample solutions with 1% and 0 % methanol were prepared at 1 

mg mL-1 in pH 4, 7 and pH 10 phosphate buffer and were loaded into PCR 

tubes in an automated sample changer. Samples (30 µL) were then delivered 

into a temperature-controlled quartz capillary and exposed for 15 s, collecting 

18 frames at 20°C. Data was collected using a Pilatus Dectris 2M detector, 

each sample spectrum was collected once.  

Data Analysis. Background was manually subtracted using SCÅTTER82, an 

open-source software for basic SAXS analysis that includes the Guinier 

approximation. Form and structure factor modeling was carried out using SAS 

fit (version 0.94.11)83. The quantitative analysis of particle size and shape was 

initiated with the generalized Guinier approximation, which provided the radius 

of gyration (Rg), characteristic of the overall dimensions of the molecule, by 

model-independent fitting of the scattering in the low q-region. The radius of 

gyration for a sphere is obtained from the Guinier equation84  

𝐼 (𝑞) = 𝐼0 exp (−
1

3
𝑞2𝑅𝑔

2) 

where I is the scattered intensity (I0 is the intensity at q = 0) and q is the 

momentum transfer: 

𝑞 = 4𝜋𝑠𝑖𝑛
𝜃

𝜆
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Here λ is the wavelength (  = 0.89 – 1.3 Å on Diamond B21) and 2θ is the 

scattering angle. 

For the PAMAM concentrations of 1 mg mL-1 a spherical shell form factor 

was found to best fit the data. This model uses as parameters the outer (shell) 

radius R1 and inner (core) radius R2, the scattering contrast of the shell Δη and 

the scattering contrast relative to the matrix of the core μΔη. 

The scattered intensity Ishell can be described as  

𝐼𝑠ℎ𝑒𝑙𝑙(𝑄, 𝑅1, 𝑅2,, Δη, μ) =    

[𝐾(𝑄, 𝑅1, Δη) − 𝐾(𝑄, 𝑅2, Δη(1 − μ))]
2
 

with K defined as 

𝐾(𝑄, 𝑅, 𝛥𝜂) = 

 
4

3
𝜋𝑅3𝛥𝜂3

sin 𝑄𝑅 − 𝑄𝑅𝑐𝑜𝑠𝑄𝑅

(𝑄𝑅)3
 

The forward scattering for q = 0 is given by 

lim
𝑄=0

𝐼𝑆ℎ𝑒𝑙𝑙 (𝑄, 𝑅1, 𝑅2, 𝛥𝜂, 𝜇) = 

( 
4

3
𝜋𝛥𝜂[𝑅1

3 − 𝑅2
3(1 − 𝜇)])2 

3.2.5  Molecular dynamics (MD) simulations 

The structural properties of PAMAM dendrimers and their dependence on pH 

values have been previously studied using molecular simulations at the 

atomistic level with chemical details. Most published works are either focused 

on the full-72, 74, 78 or half- generation dendrimers,76 but seldom both. In this 

work, we chose to perform molecular dynamics simulations of G5 and G4.5 

PAMAM dendrimers using a coarse-grained (CG) bead-spring model with 

implicit solvent. The use of CG dendrimer model is not only computationally 

efficient to render simulation results with good statistics, but also allows for 
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convenient separation of the excluded volume and electrostatic interaction 

contributions to determine the dendrimer structures. Moreover, simulating both 

full- and half-generation dendrimers under the same simulation framework 

facilitates direct comparison of their structural properties and enables an 

understanding at a molecular level of the effects of charged group distributions 

and their interactions with counterions. 

In the CG PAMAM dendrimer model, each of the chemical groups or 

monomers, including the primary and tertiary amine, carboxyl, amide, and 

methylene groups, is represented by one spherical particle or monomer, either 

charged or neutral depending on the nature of the represented group and the 

pH value in the system. Apart from the central bond, each branch in the 

dendrimer consists of three neutral monomers or spacers and two functional 

monomers, one at each end. The total numbers of monomers in each type of 

dendrimers and the numbers of monomers representing chargeable groups are 

given in Table 3-11 (Supplementary Information). Details of the CG MD 

simulation method and system setup can be found in Section 3.7.4 

(Supplementary Information). 

In correspondence with our experimental studies, three pH values, namely 4, 

7 and 10, are studied in MD simulations. The average numbers of positively 

and/or negatively charged monomers in a PAMAM dendrimer (G5 or G4.5) at a 

given pH are determined by the Henderson-Hasselbalch equation. These 

numbers, together with the corresponding average numbers of counterions, are 

listed in Table VII in the SI. In each simulation system, the required numbers of 

positive and/or negative charges are randomly assigned to the monomers 

representing the amine and/or carboxyl groups. For each given dendrimer type, 

25 individual simulation runs with different charge allocations are carried out at 

each pH to ensure good statistics of the simulation results.  

The structural properties of a dendrimer with N monomers can be 

characterized by calculating its gyration tensor S which has three principal 

moments 𝜆1 ≥ 𝜆2 ≥ 𝜆3 (see Section 3.7.4 of the Supplementary Information). 

The squared radius of gyration of the dendrimer is given by85 
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𝑅𝑔
2 = 𝑇𝑟(𝑆) = 𝜆1 + 𝜆2 + 𝜆3, 

where Tr(S) is the trace of S, and its relative shape anisotropy is 

𝜅2 = 1 − 3
𝜆1𝜆2 + 𝜆2𝜆3 + 𝜆3𝜆1

(𝑇𝑟(𝑆))2
 

with 0 2  1. 2 equals to one for a molecule of perfectly linear conformation 

but approaches zero for a molecule of spherical shape. Another type of 

descriptors of the molecular geometric shape are the aspect ratios between the 

principal moments 𝜆1/𝜆2, 𝜆1/𝜆3 and 𝜆2/𝜆3, which all equal unity for a perfect 

spherical shape but are larger than unity for elongated shapes.   

Information about the spatial distributions of the monomers and counterions 

can be obtained from their radial number density distribution functions defined 

as 

𝜌(𝑟) =
〈𝑛(𝑟)〉

𝑉(𝑟, 𝑟)
 

where n(r) is the number of certain type of particles in a spherical shell of 

thickness r at a distance r away from the center of mass (CoM) of the 

dendrimer and 𝑉(𝑟, 𝑟) is the volume of the shell. For branched molecules like 

star polymers and dendrimers,  𝜌(𝑟) typically shows a sharp peak at very small 

r due to dividing a finite number of central or core monomers by a small volume. 

3.2.6 Statistical analysis 

All experiments were repeated at least three times unless otherwise stated, 

and basic analyses and background subtractions were carried out in Microsoft® 

Excel. One-way Analysis of Variance (ANOVA) followed by Bonferroni’s multiple 

comparisons test was carried out in GraphPad Prism version 8.4.1 for 

Windows), GraphPad Software, USA. Statistical comparison tables can be 

viewed in the Supplementary Information (section 3.7.2). 
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3.3 RESULTS 

3.3.1 Effect of methanol 

Using commercially available PAMAM (5 % v/v in methanol), we have 

investigated the effect of the residual methanol on solution properties of 

PAMAM G5 and G4.5 that have been diluted in pH 7 phosphate buffer.  

Figure 3-1 fully defines the UV/Vis spectra of PAMAM G5 and G4.5 solutions 

containing no methanol and 2% methanol. The methanol did not affect the λmax 

of either species (PAMAM G4.5 ~ 288 nm, G5 ~ 276 nm) (Figure 3-1a). The 

PAMAM molecules do not have an obvious chromophore and the absorbance 

between 270 – 290 nm can be attributed to the carbonyl groups (C=O) of the 

amides in the dendrimer interior (transitions between non-bonding orbitals (n) 

and π orbital (n→π* transition))86. The differences between the λmax of G5 and 

G4.5 are due to the presence of the different surface groups (Table 3-2).  

Figure 3-1c and 3-1d show a linear, concentration-dependent absorbance for 

both PAMAM species, which was unaffected by the residual methanol for G5. 

Whereas, for G4.5 the absorbance was higher than seen for G5 (0.3-0.4 AU 

compared to 0.15-0.2 AU) and the methanol-containing samples had lower 

absorbance compared to the methanol free sample.  

For the PAMAM G5 UV/Vis data, we observed little to no effect of the 

addition of methanol. However, the residual methanol depressed the UV/vis 

absorbance of PAMAM G4.5. This might be a result of interactions between the 

solvent, where the polarity changes in the presence of methanol, and the COO- 

surface groups of PAMAM G4.587. 
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Figure 3-1 UV/Vis absorbance spectra of PAMAM G5 and G4.5 in phosphate buffer 
pH 7 (0.04 M) with (2 % MeOH) and without residual methanol (0% MeOH). Panel a) 
compares the maximum absorption wavelength λmax of 1 mg mL-1 PAMAM solutions. 
Panel b) shows the resonance structures of the PAMAM dendrimers. The 
concentration-dependent absorbance with a linear fit is presented for G5 (panel c) and 
G4.5 (panel d). Data represent mean ± SEM, n ≥ 3. Error bars are hidden by the 
symbols when not visible. Panels e) and f) demonstrate example UV/Vis absorption 
spectra for G5 and G4.5, respectively. For clarity, data for 0.06 and 0.125 mg mL-1 are 
not shown. Statistical difference, where applicable, is indicated as * for p < 0.05 and ** 
for p < 0.01. 

Fluorescence profiles of both PAMAM dendrimers are presented in Figure 3-

2. As with UV/Vis, addition of methanol did not affect the wavelength of the 

maximum emission (λem) nor the excitation wavelength causing the emission 

(λex) (see Figure 3-2 a and b). A red-shift for both, λex and λem, of approximately 
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20 – 40 nm was seen for PAMAM G4.5 compared to G5 that can be attributed 

to the difference in surface groups. 

Low intensities of non-traditional intrinsic fluorescence were recorded for full-

generation G5, at values that are under the noise threshold for fluorescence 

spectra, and up to 10-fold higher intensities for the half-generation PAMAM 

G4.5 at the highest concentration (Figure 3-2c and d). For both PAMAM 

species, the fluorescence intensity was shown to be concentration-dependent 

under all conditions. Interestingly, and in agreement with UV/Vis spectroscopy, 

methanol affected the fluorescence emission intensity for G4.5, where solutions 

with 2 % residual methanol resulted in a significantly higher fluorescence 

intensity compared to 0 % residual methanol (p = 0.0013). This is further 

illustrated by the example excitation and emission spectra of PAMAM G5 and 

G4.5 at 1 mg mL-1 (Figure 3-2e and f). Overall, the emission peaks for both 

PAMAM species appeared to be broad, which may be due to structural 

fluctuations of the solvation shell surrounding the dendrimer molecule and 

consequential variation in the local electric field88.  

Several factors are known to affect fluorescence emission spectra, including 

solvent polarity, internal charge transfer, probe-probe interactions, or 

conformational changes of the probe89, 90. This data set focusses on the effect 

of residual methanol within the aqueous phosphate buffer solvent. The dielectric 

properties of the solvent are reduced with the presence of methanol although it 

should be noted that the concentration of methanol is low. The methanol may 

have the ability to preferentially interact with the PAMAM, and this could be 

driven by hydrophobic interactions or hydrogen bonding. 

The higher emission intensity observed for PAMAM G4.5 in the methanol 

containing phosphate buffer could be caused by the lower polarity of the mixed 

solvent and therefore smaller quenching effects89. The difference in behavior of 

the two PAMAM molecules is likely to be due to the different net charge of the 

molecules at pH 7. At pH 7, most of the carboxyl surface groups of PAMAM 

G4.5 will be deprotonated (pKa 4.8) and the inner tertiary amines partially 
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protonated (pKa 6.7)91, creating a zwitterionic, polar molecule accessible to 

emission–inducing solvent interactions.  

 

Figure 3-2 Non-traditional intrinsic fluorescence of PAMAM G5 and G4.5 in 
phosphate buffer solution at pH 7 (0.04 M) under presence (2 %, filled symbols) and 
absence (0 %, clear symbols) of residual methanol. Data in panel a – d are presented 
in M ± SEM, n ≥ 3. Error bars are hidden by the symbols when not visible. Panels a) 
and b) compare the results of the emission search scan of the 1 mg mL-1 PAMAM 
solution. The excitation wavelength causing the highest emission intensity is referred to 
as λex, whereas λem denotes the emission wavelength at the highest fluorescence. 
Panels c) and d) show the concentration – dependent emission intensity with linear fits 



78 

 

for G5 (λex 350 nm) and G4.5 (λex 380 nm), respectively. Panels e) and f) present 
exemplary excitation and emission spectra of G5 and G4.5 at a solution concentration 
of 1 mg mL-1, solid lines reflect 2 % methanol presence in the phosphate buffer 
solution, dashed lines absence of methanol (0 %). Statistical difference is indicated as 
** for p < 0.005, in all other cases the difference was not significant. 

Small Angle X-ray Scattering (SAXS) experiments were carried out to 

investigate the effect of the residual methanol on the size and shape of the 

PAMAM (1 mg mL-1), dendrimers. SAXS data was fitted to a spherical shell 

form factor (Figure 3-3) with the derived outer radii (R1) and Rg of the Guinier 

approximation compared in Table 3-3, and detailed fitting parameters provided 

in the Supporting Information (Section 3.7.3, Table 3-10).  

 

Figure 3-3 Methanol effect on scattering of PAMAM dendrimers in solution. 
Spherical Shell form factor fitted SAXS profiles and Kratky plots (insets) of PAMAM G5 
(panel a) and G4.5 (panel b) in sodium phosphate buffer pH 7 under the presence 
(filled symbols) and absence (clear symbols) of 1% methanol.  

In all cases, the Rg were larger than the outer radii from the spherical shell 

model (form factor fit). The outer shell radii R1 as well as the Rg suggest a 

methanol (1 %) impact on the conformation and size of both dendrimers in 

solution although changes to G5 were very subtle. Generally, the methanol 

effect was more pronounced for PAMAM G4.5 where a decrease of 17.7 % in 

R1 and 5.3% in Rg was observed, and this could be attributed to the zwitterionic 

charge state of the molecules and resulting solvent interactions at pH 7. It is 

known that phosphate ions penetrate PAMAM molecules affecting the PAMAM 

radii92. Our data suggests that methanol as co-solvent shields this effect.  
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Generally, the radii of PAMAM G4.5 were smaller than those of PAMAM G5, 

with the outer radius from the form factor fit showing the largest difference 

under the presence of 1 % methanol (29.3 % smaller). Given that the mass 

(molecular weight) of PAMAM G4.5 is only 8.7% smaller than G5, this 

difference in radius implies that the G4.5 dendrimer has a denser molecular 

structure compared to G5.  

Table 3-3 Comparison of radii* (Å) of PAMAM G5 and G4.5. Detailed fitting 
parameters are available in the Supplementary Information (Section 3.7.2, Table 3-10). 

(a) Change in PAMAM radii (Å) due to presence of methanol 

  0% 1% Change (Å) Change (%) 

PAMAM 
G5 

Rg 29.9 29.3 0.6 2.0 

Outer 28.6 27.0 1.6 5.6 

PAMAM 
G4.5 

Rg 24.4 23.1 1.3 5.3 

Outer 23.2 19.1 4.1 17.7 

 

(b) Change in PAMAM radii (Å) due to PAMAM generation 

  G5 G4.5 Change (Å) Change (%) 

0% MeOH Rg 29.9 24.4 5.5 18.4 

Outer 28.6 23.2 5.4 18.9 

1% MeOH Rg 29.3 23.1 6.2 21.2 

Outer 27.0 19.1 7.9 29.3 
  

* Radii are given as the outer radius, obtained from the form factor fits (Spherical 
Shell), and the radius of gyration (Rg), calculated using Guinier approximation of the 
low q region only. 

Kratky plots of SAXS data are used to obtain information about shape and 

flexibility93, 94. Here, the bell-shape plots reveal that the full-generation PAMAM 

G5 (Figure 3-3a, inset) assumed a globular, compact conformation under both 

solvent conditions, however, in methanol-containing buffer, the maximum is less 

pronounced suggesting slightly less rigidity. In comparison, the Kratky profile of 

PAMAM G4.5 (Figure 3-3b, inset) in methanol-free phosphate buffer is similar to 

that of G5, but the peak for the methanol-containing environment is not only 

flatter and shifted but shows a plateau in the high-q region. This indicates partial 

folding of the dendrimer branches and a more flexible conformation under 

methanol presence compared to the more compact condition without residual 

methanol. 
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3.3.2 Effect of pH 

To illustrate the effect of pH on the ionizable groups of the PAMAM 

dendrimers, their theoretical charges (pH 1-14) were calculated for the whole 

molecule as well as for the surface groups only (Figure 3-4). Whilst PAMAM 

dendrimers are often referred to as cationic or anionic dendrimers according to 

their surface functionalities (NH2 or COOH), these terms are inadequate 

considering their net charge and ionization state over the full pH range.  

 

Figure 3-4 Charge and number of charged groups of PAMAM dendrimers. Charge 
calculations are based on the Henderson-Hasselbalch equation with pKa 6.7 for tertiary 
amines, pKa 9 for primary amines and pka 4.8 for carboxyl groups. The 128 surface 
groups of PAMAM G5 and G4.5 are primary amines and carboxyl groups, respectively, 
whereas tertiary amines represent the core functional groups of both dendrimer types. 
Total charged groups refer to the absolute number of all charged moieties of the 
molecule at any given pH irrespective if negative or positive, and the PAMAM Net 
Charge sums up the effective charge of the dendrimer. For G5, PAMAM Net Charge 
and Total Charged Groups are overlaid/ identical. 
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The full-generation PAMAM G5 exhibits a cationic charge over a wide pH 

range including physiological pH range up to pH 8, but with increasing pH the 

net charge diminishes until it becomes zero. For the half-generation PAMAM 

G4.5, the effect of the pH on the net charge is more complicated due to its 

zwitterionic properties. At low pH it exhibits a cationic charge as the tertiary 

amines of the dendrimer core are all protonated, whereas with increasing pH 

the amines and carboxyl groups become more deprotonated, and the overall 

charge is dominated by the anionic surface groups. As the pKa values of 

carboxyl and tertiary amine groups are relatively close to each other, there is a 

high number of oppositely charged groups between pH 5 and pH 8 causing 

intramolecular interactions that are absent for PAMAM G5. Note that the values 

calculated for the tertiary amines in the core should be taken with caution. 

Considering the spatial conformation of the PAMAM molecules under different 

pH conditions, it can be assumed that not all chargeable groups are accessible 

by the surrounding solution and ions, and therefore the real charge of the core 

amines is likely lower than the theoretical charge value and will in turn affect the 

PAMAM behavior.   

The UV/Vis absorbance of PAMAM solution samples in Figure 3-5 was 

concentration-dependent across all pH conditions, and for pH 7 and pH 10 

significantly higher for PAMAM G4.5 than for G5 (p < 0.0001). Whilst the 

maximum absorbance of PAMAM G5 did not indicate a pH-dependence, 

absorbance was increased for G4.5 with elevating pH, and generally higher for 

the methanol-free phosphate buffer than the one with 2 % residual methanol 

(see Figure 3-5).  

Fluorescence was recorded at fixed excitation wavelengths λex 350 nm for 

PAMAM G5 and 380 nm for PAMAM G4.5 as they yielded on average the 

highest emission intensity during the search scans. A concentration-dependent 

emission intensity of the PAMAM solution samples was observed across all pH 

conditions (see Figure 3-6) and it was significantly higher for PAMAM G4.5 than 

for G5 (p < 0.001). 
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Figure 3-5 UV/Vis absorbance of PAMAM G4.5 and G5 in phosphate buffer solution 
of varying pH (pH 4, 7 and 10) without (0 %, clear columns) and with residual methanol 
(2 %, filled columns). Data are displayed as M ± SEM, n ≥ 3. Panels a) and b) 
represent the concentration – dependent maximum absorbance of G5 and G4.5, 
respectively. The λmax were in the range of 270 – 278 nm for G5, and 287 – 289 for 
G4.5. Statistical difference is indicated as * for p < 0.05 and ** for p < 0.005 for the 
difference between pH 4 and pH 10, in all other cases the difference was not 
significant. 

 

Figure 3-6 Fluorescence results of PAMAM G5 and PAMAM G4.5 in phosphate 
buffer solution of different pH (pH 4, 7, and 10) under presence (2 %, filled columns) 
and absence (0 %, clear columns) of residual methanol. Data are presented in M ± 
SEM, n ≥3. Error bars are hidden by the symbols when not visible. Panels a) and b) 
show the maximum emission fluorescence intensity for G5 (λex 350 nm) and G4.5 (λex 
380 nm), respectively. The corresponding emission wavelengths varied between 428 – 
453 nm for G5 and 458 – 464 nm for G4.5.  Statistical difference is indicated as * for p 
≤ 0.05, ** for p ≤ 0.01, *** for p < 0.001; in all other cases the difference is not 
significant. 

The intensity trend for PAMAM G4.5 hints toward a decrease with increasing 

pH, but too subtle to achieve statistical significance and the fluorescence 

emission of PAMAM G5 was too low (< 10 AU) for all conditions to draw 

meaningful conclusions. However, across the pH range there was a significant 

methanol effect on the PAMAM G4.5 emission (p < 0.005) resulting in ~ 30 – 40 
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AU higher intensity for the samples containing 2 % methanol, as seen already 

for pH 7 in Figure 3-2.  

SAXS scattering profiles were fitted to a spherical shell form factor across the 

pH range. As was seen previously for pH 7 data in Table 3-3, PAMAM G5 and 

G4.5 radii in methanol-free buffer were generally larger than in the methanol-

containing buffer solution. Table 3-4 also shows that Rg values exhibited only 

modest changes for the different pH and methanol conditions for both PAMAMs. 

Table 3-4 Comparison of radii* (Å) of PAMAM G5 and G4.5 under different pH 
conditions. Detailed fitting parameters are available in the Supplementary Information 
(Section 3.7.2, Table 3-10). 

(a) Change in PAMAM radii (Å) due to pH (0 % MeOH)  

  pH 4 pH 7 pH 10  Change pH 
4 to 7 

Change pH 
7 to 10 

PAMAM 
G5 

Rg 30.1 29.9 29.3 <1 <1 

outer 28.8 28.6 23.5 <1 5.1 (17.8%) 

PAMAM 
G4.5 

Rg 23.0 24.4 24.8 1.4 (6.1%) <1 

outer 21.1 23.2 20.4 2.1 (10.0%) 2.8 (12.1%) 

  

(b) Change in PAMAM radii (Å) due to pH (1% MeOH)  

  pH 4 pH 7 pH 10  Change pH 
4 to 7 

Change pH 
7 to 10 

PAMAM 
G5 

Rg 29.9 29.3 28.1 <1 1.2 (4.1%) 

outer 26.8 27.0 23.6 <1 3.4 (12.6%) 

PAMAM 
G4.5 

Rg 23.0 23.1 23.0 <1 <1 

outer 19.9 19.1 18.4 <1 <1 

  
* Radii are given as the outer radius, obtained from the form factor fits (Spherical Shell) 
and the radius of gyration (Rg), calculated using Guinier approximation of the low q 
region only. 

For PAMAM G5, a decrease (~ 4 Å) in radius between pH 7 and pH 10 was 

observed with 0 % and 1% methanol as co-solvent which might be significant 

and could relate to the deprotonation of the dendrimers. The radius was likely 

dominated by the surface branches as primary amines are fully protonated at 

pH 4 and 7. 

SAXS scattering profiles with respective form factor fits (Spherical Shell) in 

Figure 3-7 show that at pH 4, G5 had the highest scattering intensity, I(0). This 

could be explained by the high charge state of the G5 at pH 4 (see Figure 3-4) 

since the scattering intensity correlates with the electron density and spatial 
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distribution of electrons of a molecule. In the Kratky plots (insets in Figure 3-7a 

and c), the pH differences were more pronounced, but did not seem to affect 

the globular shape of the dendrimers. 

 

Figure 3-7 Effect of solution pH on scattering of PAMAM dendrimers. SAXS data 
was fitted to a spherical shell form factor (lines). The fitted SAXS profiles (inset) and 
Kratky plots of 1 mg mL-1 PAMAM dendrimer solutions under different pH conditions 
are shown for 1 % (panel a, b) and 0 % residual methanol (panel c, d).  

PAMAM G4.5 was affected differently by the varying pH conditions. The 

outer radii R1 showed no obvious trend in PAMAM size and varied by ~2.5 Å 

across the different pH conditions. The scattering profiles and Kratky plots of 

PAMAM G4.5 in methanol-containing phosphate buffer showed similar trends in 

scattering intensity as well as shape across all pH conditions (Figure 3-7b) and 

implied a degree of flexibility in the dendrimer conformation. There were 

distinctively different scattering intensities and slope patterns for the methanol-

free buffer conditions (Figure 3-7d). Whilst the spherical shell model was a 

suitable fit for all three pH conditions, the Kratky plot (inset Figure 3-7d) 
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revealed pH-dependent conformational changes. At pH 7, when the carboxyl 

groups were fully deprotonated and the tertiary amines were still partially 

protonated, the dendrimer assumed a globular, more rigid shape which could be 

aided by intramolecular charge interactions. Assuming the deprotonated, outer 

branches stretched mainly outwards and the partially charged inner groups 

were accessible to the buffering ions, the dendrimer molecules could have been 

subject to swelling95 which in turn would explain the largest radius. At pH 10 the 

lowest scattering intensity was observed as only the carboxyl groups on the 

surface groups were deprotonated and the shallow Kratky plot suggests a 

disordered arrangement of the dendrimer with clusters of back-folded branches, 

which could be enabled by the deprotonated amine core. In comparison, the 

scattering intensity was considerably higher at pH 4 and the Kratky profile 

indicates the branches behaving as Gaussian chains driven by the nearly fully 

protonated tertiary amines. Charge repulsion together with stretching of the 

molecule from the core could occur, whereas the surface-neutral outer 

generation could arrange itself randomly causing disorder and cross-linkage. 

The structural features of PAMAM G5 and G4.5 in different pH environments 

were modelled with coarse-grained molecular dynamics (CG-MD) simulations 

and the results are summarized in Figure 3-8. Benefiting from the coarse-

grained model without explicit solvent, we can directly relate the pH-dependent 

behavior of the dendrimer size to the electrostatic interactions among the 

charged monomers and counterions. Figure 3-8 (a) and (b) show the radial 

number densities of functional groups with respect to the centers of mass 

(CoMs) of PAMAM G5 and G4.5 at pH 4, 7 and 10. The distribution of 

counterions within the PAMAM structures are shown in Figure 3-8(c) and (d).  
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Figure 3-8 MD simulation results of the radial number density distribution functions, 
ρ(r), of all monomers and surface groups only for PAMAM G5 (a) and G4.5 (b); and of 
the counterions in the corresponding environments for PAMAM G5 (c) and G4.5 (d). 
For PAMAM G4.5, no anionic counterions were observed at pH 10 (d). The percentage 
of surface groups (outer groups) in all monomers, measured as the ratio between their 

radial number densities outer(r)/all(r), is shown in (e). In (a-e) the radial distance r is 
measured from the centers of mass of the dendrimers. The pH-dependent radii of 
gyration, Rg, of the dendrimers are shown as filled symbols and the relative shape 
anisotropy κ2 as clear symbols in panel (f). 

a) b)

c) d)

e) f)
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For PAMAM G5, the molecular structure demonstrates strong changes with 

pH. In Figure 3-8(a) the highest radial number density of all groups is found at 

pH 10 within distance r/  8 from the dendrimer CoM, because only a small 

fraction of primary amine groups is charged (see Figure 3-4, and Table 3-11 in 

the Supporting Information) and the dendrimer behaves like neutral molecules 

with more flexible branch conformations. We can also see the increased 

backfolding of the outer branches with increasing pH from the high density of 

the outer surface groups (primary amine) within the molecular structure at pH 

10. The backfolding behavior is further illustrated by Figure 3-8(e) where the 

surface group distribution throughout the molecule is shown as a percentage of 

all groups at each distance away from the CoM. This percentage value 

increases with increasing pH at distances close to the CoM. The PAMAM G5 

thus takes more compact conformation and consequently a smaller Rg at higher 

pH. 

On the other hand, at low pH values (e.g., pH 4), nearly all the primary and 

tertiary amines are protonated. The electrostatic repulsions between these 

positively charged monomers lead to stretching of the branches, like 

polyelectrolyte chains, and accordingly an overall swelling of the dendrimer. 

This can be seen in Figure 3-8(a) from the broader ranges, but lower values, of 

the radial density distributions of all monomers (solid lines) and surface groups 

(dashed lines) at distances close to the CoM of PAMAM G5 at pH 4. But they 

both show broadened peaks far away from the CoM. Moreover, the high 

number of charged monomers generates a strong electrostatic field which 

attracts counterions into the molecular structure, as shown in Figure 3-8(c) from 

the higher density profile of counterions at distances close to the CoM at pH 4 

than those at higher pH. The counterion-induced osmotic pressure also drives 

the dendrimer to swell. These attracted counterions will also alter the local 

electric field distribution inside the dendrimer and so potentially could affect its 

fluorescence profile.   

Our results also show that highly charged dendrimers at low pH take more 

symmetric or spherical shapes than the nearly neutral ones at high pH. For 

example, we found that the maximum aspect ratio l1/l3 is about 1.53 at pH 4 but 
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increases to about 1.97 at pH 7. This can be understood as being due to the 

strong electrostatic repulsions among charged amines at low pH that lead to 

nearly uniform swelling of the dendrimers. At neutral pH, thermal fluctuations of 

the branches become predominant and so allow for larger fluctuations and more 

anisotropic shapes of these molecules at higher pH. This can also be seen from 

the increment of the relative shape anisotropy from k2 ≈ 0.0177 at pH=4 to 

0.0438 at pH=10 (Figure 3-8d). These small k2 values indicate that the PAMAM 

G5 dendrimers are generally taking globular shapes over the pH range we 

studied, which agrees with our SAXS results. Figure 3-8(f) presents the 

simulation results for the radii of gyration, Rg, of PAMAM G5 and G4.5 

dendrimers at different pH values. For PAMAM G5, Rg demonstrates a clear 

decrease with increasing pH due to the strong backfolding at high pH and 

swelling at low pH, which is qualitatively consistent with the SAXS data in Table 

3-4. We note that Rg of the full-generation PAMAM G5 obtained in our CG 

simulations decreases by 30.7% from 10.84s, 9.45  to  7.51s as the pH 

increasing from 4, 7 to 10, which is significantly larger than the 2.7-6 % drop for 

Rg (or 13-18 % reduction for R1) in the SAXS data presented in Table 3-4.  

Previous simulation studies on PAMAM G5 using atomistic models have shown 

large magnitude of decrease in Rg by 31.9-51.9 % over the same range of pH in 

systems with implicit solvents (mimicking water72, 74 and methanol74), but much 

smaller decrement in systems with explicit solvents (about 16.5% drop in 

water73 and 6% in methanol74). The inclusion of explicit solvent molecules has 

been shown to cause swelling of the less charged dendrimers at high and 

medium pH due to excluded volume effects, but more compact conformations of 

highly charged dendrimers at low pH due to shielding electrostatic repulsions 

between charged amines74. This can well explain the much weaker pH 

dependence of dendrimer size observed in the SAXS experiments (with explicit 

solvents) than in the CG MD simulations with implicit solvents.  

For PAMAM G4.5, the zwitterionic nature of the molecule means that there 

are charged groups at all pH studied. The radial number densities of all 

monomers and only the surface (carboxyl) groups presented in Figure 3-8(b) 

are relatively insensitive to the change in pH. They reflect that the backfolding 
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level in PAMAM G4.5 does not vary significantly with pH, as manifested in 

Figure 3-8(e). The radius of gyration of the half-generation PAMAM G4.5 thus 

has a qualitatively different pH-dependence from that of the full-generation 

PAMAM G5, see Figure 3-8(f). It marginally increases from low to medium pH 

(e.g., Rg  8.61 at pH 4 and 8.91 at pH 7), and levels off between pH 7 and 

10. This behavior is similar to the SAXS data in Table 3-4. The nearly invariant 

Rg in the medium to high pH region can be understood from the deprotonation 

of all carboxyl groups. The electrostatic repulsions among these negatively 

charged outer groups drive themselves and the connected branches move 

away from the dendrimer CoM. In this pH region the tertiary amines are 

deprotonated and so the inner branches behave as neutral chains subject to 

pulling forces from the outer groups. The backfolding level of the outer branches 

in PAMAM G4.5 at pH 7 and 10 is weaker than that of the nearly neutral 

PAMAM G5 at pH 10 but is close to that in PAMAM G5 at pH 7, as evidenced in 

Figure 3-8(a) and (b) by the similar radial density profiles of outer functional 

groups in these cases. The backfolding phenomenon can be clearly visualized 

in Figure 9 from the snapshots of the dendrimers at pH 7. At this pH, both 

PAMAM G5 and G4.5 have fully charged surface groups and nearly fully 

deprotonated tertiary amines. Penetration of counterions into the molecular 

structures can also be seen in Figure 3-9. Since we do not reach a PAMAM 

G4.5 system that is fully uncharged, counterions can be found in the molecular 

structure at all pH, as shown in Figure 3-8(d). 

At pH 4 the tertiary amines in PAMAM 4.5 are fully protonated. The 

electrostatic repulsions between these positively charged monomers lead to 

outwards stretching of the inner branches, together with the osmotic pressure 

contributions from the negatively charged counterions. On the other hand, a 

fraction of surface carboxyl groups is deprotonated at this pH, giving the half-

generation dendrimer distinctive zwitterionic features. These negatively charged 

terminal groups tend to move deeply into the core region to stay closely to as 

many positively charged amines as possible to reduce the total electrostatic 

energy of the system. Other outer generation branches with protonated surface 

groups behave as flexible neutral chains and can fold back freely under 
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requirement of conformation entropy  The interplay between the different effects 

results in a slightly more compact conformation and so smaller Rg of the 

zwitterionic dendrimer at pH 4 than that at pH 7 and 10. The overall geometric 

shape of the half-generation PAMAM G4.5 is insensitive to the change in pH 

with the aspect ratios close to those of the full-generation PAMAM G5 at pH 7. 

Their relative shape anisotropy stays at k2 = 0.035  0.010, which corresponds 

to an overall spherical shape, as also found in an atomistic simulation with 

implicit solvent76. 

 

Figure 3-9 Snapshots of (a) full-generation PAMAM G5 and (b) half-generation 
PAMAM G4.5 at pH 7 which show backfolding of outer generation groups and 
penetration of counterions into the molecular structure. The surface groups are 
represented by the red monomers. The lighter the red color the closer the monomer is 
located to the dendrimer core (depicted by two orange beads). The inner functional 
groups are either colored as cyan if they are cationic, or gray if they are neutral 
alongside the spacer units. The unbonded dark blue and green beads represent 
anionic and cationic counterions, respectively. 

3.4 DISCUSSION 

The focus of this work was to research the impact of the solvent environment 

(pH and residual methanol) on typical experimental end points of PAMAM 

studies, thereby highlighting physico-chemical changes that might affect 

observation and interpretation of dendrimer interactions in biological systems. 

We chose to study the dendrimers in phosphate buffer as this is widely used in 

a) b) PAMAM G4.5, pH 7PAMAM G5, pH 7
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biological and biophysical studies, and currently available conformational data 

of PAMAM dendrimers is largely derived from studies in pure water or non-

physiological solvents such as methanol. Within the wide range of potential 

biomedical applications, it is vital to be fully aware of potential solvent effects 

and thus interference on the experimental outcomes when designing 

experimental studies with PAMAM dendrimers. This is particularly pertinent 

since PAMAM is supplied commercially in methanol and there is often residual 

methanol in the samples used in biological studies (Figure 3-1).  

We investigated the role that methanol has on spectroscopic data and 

molecular size for G5 and G4.5. Methanol is a common co-solvent that is 

present in many biological and biophysical experiments where potential medical 

and pharmaceutical applications for the use of PAMAM are investigated39-41. In 

our studies we found that the presence of methanol (2%) increased 

fluorescence of PAMAM G4.5 by almost 70 % at pH 7. However, intrinsic 

fluorescence in G5 was minimal under all experimental conditions which is not 

in line with several studies in the literature50, 96, 97 and suggests quenching of the 

electron-rich amines may have occurred. This agrees with observations that 

ionic interactions affect the mechanism of intrinsic fluorescence of PAMAM 

dendrimers53, 55. Thus, we see further evidence that experimental conditions can 

make interpretation of spectroscopic data difficult. We observed fluorescence 

emission wavelengths in line with values reported in the literature for PAMAM 

dendrimers49, 97, 98. However, we detected little to no fluorescence for PAMAM 

G5 The literature shows a wider variety of results for PAMAM in terms of 

fluorescence emission49, 50, 53, 54, 97, 99, 100. 

The presence of methanol was found to increase the overall compactness of 

the PAMAM molecule reducing molecular size. Differences in molecular size 

between G4.5 and G5 were amplified by the presence of methanol. For 

example, our SAXS fits showed that the outer radii for G4.5 was 19 % smaller 

than G5 when no methanol present and 29 % smaller than G5 in the presence 

of methanol (see Table 3-3). In terms of molecular weight, G4.5 is only 9 % 

smaller. We can therefore conclude that G4.5 has a denser conformation (and 
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thus less solvation) than G5 and the molecular dimensions decrease further 

when methanol is a co-solvent. 

The changes in structural behaviour of the PAMAM molecules in systems 

with methanol as a co-solvent have the potential to affect molecular interactions 

within in vitro biological systems. It is likely that the methanol preferentially 

associates with the PAMAM resulting in changes of the dielectric properties of 

the solvent and electrostatic interaction within the PAMAM structure. Indeed, 

G4.5 was shown to have a higher density (volume/molecular weight) compared 

to G5 at pH 7 even without the presence of methanol and this was shown to be 

due to differences in net charge of the molecules. This difference was amplified 

by the presence of methanol allowing the molecules to contract in size further.   

Previous SAXS studies of PAMAM dendrimers were conducted either in pure 

methanol or deionised water but never in phosphate buffer, and to our 

knowledge there is only one research group that studied PAMAM, specifically 

G3.5 and G3, in both methanol and deionised water66, 101-103. They found the 

radius of dendrimer solutions in methanol smaller than in deionised water which 

is in line with the trend we have seen in our studies.  

We were also interested in exploring further the differences in behaviour due 

to changes in net charge of PAMAM G5 and G4.5 because of changing the pH 

(Figure 3-4). For PAMAM G5, increasing pH reduces the charge of amine 

groups throughout the molecule whereas for PAMAM G4.5 the amine charge 

decreases but the carboxyl group deprotonates leading to a negative charge at 

high pH. Interestingly, in our studies the larger impact of pH was seen for 

PAMAM G5 than for G4.5 and showed that G5 had a more extended 

conformation with a larger radius than G4.5 at all pH. 

For PAMAM G5 the size of the molecule decreased between pH 7 and 10 as 

observed by our SAXS and MD data, and Figure 3-8(e) showed that the 

concentration of counterions incorporated within the molecular structure also 

decreased. In addition, we saw increased backfolding of the outer generations 

(surface groups) for pH 10. This means that at pH 10 the PAMAM G5 structure 

was more compact and our MD results showed that G5 incorporated less 
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counterions within its structure. This is because the molecule has no charge at 

this pH and the surface groups did not dominate the surface properties of the 

dendrimer in the way that they did at pH 4 and 7. MD simulation by Opitz and 

Wagner74 studied the impact of the solution pH on the molecular structure of 

amine-terminated PAMAM dendrimers G2-G5. They also found an effect of 

solvent conditions and observed a decrease in dendrimer radii with increasing 

pH. 

For G4.5, the zwitterionic nature of the molecule meant that there remained 

charged moieties within the molecule across all solution pH leading to no 

significant changes in size. Our MD studies showed that there was some 

backfolding across the whole pH range, which resembled the arrangement of 

surface groups and size seen for PAMAM G5 at pH 7. Our SAXS data, obtained 

under more complex buffer conditions than modelled in the CG-MD simulations, 

showed evidence of a more disordered arrangement for PAMAM G4.5 at pH 10 

compared to pH 4 and 7 and showed a lower scattering intensity at pH 10.  

3.5 CONCLUSIONS 

We report a comprehensive investigation of the impact of pH and solvent 

composition on the spectroscopic (UV/Vis and fluorescence) and structural 

(SAXS and MD) properties of PAMAM dendrimers. We gained new insights into 

the pH-dependent conformational behavior of half-generation PAMAM G4.5 and 

the effect of methanol as co-solvent for both PAMAM G4.5 and G5. The effect 

of pH and methanol differs between the dendrimers but can be explained with 

the charge behavior of the internal and external functional groups that facilitate 

solvent interactions and resulting conformational changes in the PAMAM 

structure. For full-generation PAMAM, the amount of protonation of tertiary and 

primary amines and electrostatic interactions are the main drivers of the effects 

seen. In contrast, half-generation PAMAM G4.5 is a more complex amphiphile 

with both cationic and anionic functional groups that provide a wider range of 

possible molecular interactions with the surrounding solvent and the dendrimer 

branches themselves affecting charge localization and electron orbits. Our 

research provides insights on effects of solvent composition and pH using a 
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more physiological solvent than previous reports and indicate that particular 

care is needed in the interpretation of biological data from PAMAMs, particularly 

in more complex, multi-environment systems (e.g., different pHs in different cell 

organelles).  
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3.7 SUPPLEMENTARY INFORMATION 

3.7.1 Literature screening for studies using commercial PAMAM 

Recent research articles have been screened according to the flow outlined o 

Figure 3-10 and the information of included articles (Table 3-5) was used to 

create the piechart assessing the presence of methanol in studies using 

commercial PAMAM dendrimers (main article, Table 3-2). 

 

 

Figure 3-10 Literature screening for use of commercial PAMAM in studies with 
biological systems or biophysical model. Screening was performed for articles 
published up to 31/03/2019 
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Table 3-5 Overview of the 22 included articles from the literature screening (Figure 
3-10). 

Residual Methanol Supplier Broad Research Field Ref 

Removed or 
absent 

Chenyuan 
Dendrimer Tech. 

Dentistry 1 

Sigma Topical Drug Delivery 2 

Sigma siRNA Delivery 3 

Sigma Microbiology 4 

Sigma Biomaterials/ Implants 5 

Present Sigma Microbiology 6 

Sigma Nanotoxicity 7 

Sigma Liposomal Drug Delivery 8 

Sigma Nanotoxicity 9 

Sigma Microbiology 10 

Sigma Nanotoxicity/ Membrane 
Interactions 

11 

No info provided, 
but assumed to be 
present 

NanoSynthons Topical Drug Delivery 12 

Sigma Nanotoxicity/ Surface Chemistry 13 

NanoSynthons Drug Delivery 14 

Sigma Nanotoxicity/ Protein Interactions 15 

Sigma Neurotherapy 16 

Dendritech Pulmonary Drug Delivery 17 

Dendritech Nanotoxicity/ Membrane 
Interactions 

18 

Sigma Gene delivery 19 

Sigma Nanotoxicity 20 

Sigma Diabetes Therapy 21 

Sigma Drug Delivery 22 

3.7.2 Statistical comparison of UV/Vis and fluorescence data 

One-way Analysis of Variance (ANOVA) followed by Bonferroni’s multiple 

comparisons test was carried out in GraphPad Prim version 8.4.1. for 

Windows), GraphPad Software, USA. 

3.7.2.1 Effect of methanol 

Impact of methanol was probed for PAMAM samples (1 mg mL-1) in 

phosphate buffer solution at pH 7. Results from UV/Vis absorption and 
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fluorescence of PAMAM G4.5 and G5 was compared for methanol-free buffer 

and phosphate buffer containing 2 % methanol.  

Table 3-6 illustrates the UV/Vis and fluorescence data from the individual 

conditions at pH 7, whereas the Table 3-7 shows the outcomes and p-values of 

the statistical comparison. 

3.7.2.2 Effect of pH 

Impact of pH was probed for PAMAM samples (1 mg m-1) in phosphate buffer 

solution at pH 4, 7 and 10 under presence and absence methanol within the 

solution. Results from UV/Vis absorption and fluorescence of PAMAM G4.5 and 

G5 was compared across all pH for methanol-free buffer and phosphate buffer 

containing 2 % methanol.  

Table 3-8 illustrates the UV/Vis and fluorescence data from the individual 

conditions across the pH range, whereas Table 3-9 shows the outcomes and p-

values of the statistical comparison. 
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Table 3-6 Summary of the parameters obtained from UV/Vis and fluorescence measurement. UV/Vis data reflect the maximum Absorbance 
measured at λmax. Fluorescence parameters were obtained from emission search scans, whereby λex is the wavelength with the maximum 
fluorescence at λem. 

ID PAMAM MeOH 
Absorbance / AU 

M ± SEM 

Wavelength λ
max 

/ nm 

M ± SEM 

Emission Intensity 
M ± SEM 

Wavelength λ
ex 

/ nm 

M ± SEM 

Wavelength λ
em 

/ nm 

M ± SEM 

A G4.5 2 % 0.31 ± 0.01 288.0 ± 0.3 77.24 ± 3.63 380.1 ± 1.8 460.0 ± 0 

B G4.5 0 % 0.37 ± 0.02 287.3 ± 0.5 47.42 ± 12.47 363.3 ± 9.5 443.3 ± 9.8 

C G5 2 % 0.17 ± 0.01 275.8 ± 3.7 7.22 ± 0.46 339.8 ± 1.4 425.0 ± 2.5 

D G5 0 % 0.18 ± 0.01 276.3 ± 0.2 6.93 ± 0.79 340.7 ± 3.0 426.7 ± 9.8 

Table 3-7 Statistical comparison of the UV/Vis and fluorescence data of Table 3-6. Outcome of the ANOVA and Bonferroni’s multiple 
comparison test are displayed as p value with indication of significance level and non-significant (n.s.) denotation where applicable. 

Comparison 
P value 
Absorbance 

P value 
Wavelength λ

max
 

P value 
Emission Intensity 

P value 
Wavelength λ

ex
 

P value 
Wavelength λ

em
 

A × B 0.0390 * > 0.9999 n.s. 0.0013 ** 0.2863 n.s. 0.2903 n.s. 

A × C < 0.0001 **** 0.0043 ** < 0.0001 **** < 0.0001 **** 0.0004 *** 

C × D > 0.9999 n.s. > 0.9999 n.s. > 0.9999 n.s. > 0.9999 n.s. > 0.9999 n.s. 

B × D < 0.0001 **** 0.0145 * < 0.0001 **** 0.0793 n.s. 0.3894 n.s. 
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Table 3-8 Summary of the parameters obtained from UV/Vis and fluorescence 
measurement. UV-Vis data reflect the maximum Absorbance measured at λmax. 
Fluorescence parameters were obtained at fixed excitation wavelengths (G5 = 350 nm, 
G4.5 = 380 nm), whereby λem is the wavelength with the maximum fluorescence 
intensity. 

ID PAMAM pH MeOH 
Absorbance 

/ AU 
M ± SEM 

Wavelength 
λ

max 
/ nm 

M ± SEM 

Emission 
Intensity 
M ± SEM 

Wavelength 
λ

em 
/ nm 

M ± SEM 

A G4.5 4 0 % 0.28 ± 0.02 288.7 ± 0.3 47.55 ± 7.59 460.3 ± 0.9 

B G4.5 7  0.37 ± 0.03 287.3 ± 0.7 47.42 ± 12.47 458.0 ± 2.5 

C G4.5 10  0.40 ± 0.01 288.0 ± 0.4 39.43 ± 4.50 463.2 ± 0.5 

D G5 4  0.18 ± 0.02 275.7 ± 0.9 15.0 ± 2.54 452.7 ± 7.1 

E G5 7  0.18 ± 0.01 276.3 ± 0.3 6.93 ± 0.79 438.5 ± 4.9 

F G5 10  0.15 ± 0.02 278.0 ± 1.5 6.57 ± 0.28 427.8 ± 2.0 

G G4.5 4 2 % 0.23 ± 0.03 287.3 ± 0.9 76.21 ± 5.04 461.6 ± 2.7 

H G4.5 7  0.30 ± 0.01 288.0 ± 0.4 77.24 ± 3.63 461.0 ± 1.4 

I G4.5 10  0.36 ± 0.02 288.7 ± 0.3 71.97 ± 7.77 463.3 ± 2.0 

J G5 4  0.18 ± 0.02 273.5 ± 2.5 8.89 ± 0.61 440.8 ± 3.3 

K G5 7  0.17 ± 0.01 275.8 ± 4.3 7.22 ± 0.46 430.2 ± 2.4 

L G5 10  0.17 ± 0.01 269.8 ± 2.1 8.93 ± 0.25 431.8 ± 1.1 

 

Table 3-9 Statistical comparison of the UV/Vis and fluorescence data of Table 3-8. 
Outcome of the ANOVA and Bonferroni’s multiple comparison test are displayed as p 
value with indication of significance level and non-significant (n.s.) denotation where 
applicable. 

Comparison P value  
Absorbance 

P value 
Wavelength λ

max
 

P value 
Emission Intensity 

P value 
Wavelength λ

em 
 

A × B 0.1047 n.s. > 0.9999 n.s. > 0.9999 n.s. > 0.9999 n.s. 

A × C > 0.9999 n.s. > 0.9999 n.s. > 0.9999 n.s. > 0.9999 n.s. 

B × C 0.0018 ** > 0.9999 n.s. > 0.9999 n.s. > 0.9999 n.s. 

D × E > 0.9999 n.s. > 0.9999 n.s. > 0.9999 n.s. 0.0596 n.s. 

E × F > 0.9999 n.s. > 0.9999 n.s. > 0.9999 n.s. 0.1973 n.s. 

D × F > 0.9999 n.s. > 0.9999 n.s. > 0.9999 n.s. < 0.0001 **** 

G × H 0.2176 n.s. > 0.9999 n.s. > 0.9999 n.s. > 0.9999 n.s. 
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H × I > 0.9999 n.s > 0.9999 n.s. > 0.9999 n.s. > 0.9999 n.s. 

G × I 0.0121* > 0.9999 n.s. > 0.9999 n.s. > 0.9999 n.s. 

J × K > 0.9999 n.s. > 0.9999 n.s. > 0.9999 n.s. 0.3093 n.s. 

K × L > 0.9999 n.s. 0.6001 n.s. > 0.9999 n.s. > 0.9999 n.s. 

J × L > 0.9999 n.s. > 0.9999 n.s. > 0.9999 n.s. 0.7624 n.s. 

A × G > 0.9999 n.s. > 0.9999 n.s. 0.0050 ** > 0.9999 n.s. 

A × D 0.0171 * 0.0026 ** 0.0010 *** > 0.9999 n.s. 

D × J > 0.9999 n.s. > 0.9999 n.s. > 0.9999 n.s. 0.2278 n.s. 

G × J > 0.9999 n.s. 0.0005 *** > 0.9999 n.s. 0.0008 *** 

B × H 0.7564 n.s. > 0.9999 n.s. 0.0013 ** > 0.9999 n.s. 

B × E < 0.0001 **** 0.0079 ** < 0.0001 **** 0.0020 ** 

E × K > 0.9999 n.s. > 0.9999 n.s. > 0.9999 n.s. > 0.9999 n.s. 

H × K < 0.0001 **** 0.0008 *** < 0.0001 **** < 0.0001 **** 

C × I 0.9317 n.s. > 0.9999 n.s. 0.0004 *** > 0.9999 n.s. 

C × F < 0.0001 **** 0.0058 ** < 0.0001 **** < 0.0001 **** 

F × L > 0.9999 n.s. 0.0428 * > 0.9999 n.s > 0.9999 n.s. 

I × L < 0.0001 **** < 0.0001 **** < 0.0001 **** < 0.0001 **** 

 

3.7.3 SAXS fitting parameters Spherical Shell 

All SAXS data for PAMAM G5 and G4.5 were fitted to a Spherical Shell form 

factor, where the core and shell contribution are reflected by an overall outer 

radius (R1), with an associated degree of polydispersity σ, an inner radius of the 

core (R2), a scattering length difference between shell and surrounding matrix 

(Δη), and a scattering length density difference between core and matrix relative 

to the shell contrast (µΔη)23. Additional parameters used for fitting were the 

scale factor N and the background Intensity.  
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Table 3-10 SAXS fitting parameters obtained from fitting a Spherical Shell form 
factor. 

 
pH MeOH N 

Polydispersity

(σ) / Å  

Outer 

Radius / 

Å (R
1
) 

Inner 

Radius / 

Å (R
2
) 

Ncore 

(µΔη) 

Nshell 

(Δη)  Background  

 P
A

M
A

M
G

5
 

4 

1 % 

1 6.6 26.8 8.005 0.26 1.78E-07 0.0005 

7 1 6 26.99 12.05 0.26 1.21E-06 0.0003 

10 1 6.6 23.57 10.28 0.26 1.16E-06 0.0003 

4 

0 % 

1 6.6 28.76 9.104 0.26 1.71E-06 0.0002 

7 1 6.6 28.58 11.74 0.26 1.45E-06 0.0001 

10 1 8.1 23.52 10.37 0.26 1.31E-06 0.0001 

P
A

M
A

M
G

4
.5

 

4 

1 % 

1 5.55 19.90 6.81 0.21 1.92E-06 0.0003 

7 1 6 19.13 7.85 0.21 2.02E-06 0.0002 

10 1 6 18.42 6.38 0.21 1.69E-06 0.0003 

4 

0 % 

1 4.96 21.12 8.81 0.21 1.95E-06 0.0001 

7 1 7.32 23.16 9.91 0.26 2.09E-06 0.0001 

10 1 7.51 20.35 7.45 0.21 9.09E-07 0.0001 

 

3.7.4 Coarse-grained PAMAM dendrimer models 

In our coarse-grained dendrimer model, each chemical group is represented 

by a spherical particle or monomer. The total number of monomers in the full-

generation case is calculated by 

𝑁full = 2 + (𝑆 + 1)(𝑓 + 1) ∑(𝑓 − 1)𝑖

𝑔𝑒𝑛

𝑖=0

 

whereas, that for the half-generational case is given by 

𝑁half =  2 + 𝑆(𝑓 + 1)(𝑓 − 1)𝑔𝑒𝑛 + (𝑆 + 1)(𝑓 + 1) ∑ (𝑓 − 1)𝑖

𝑔𝑒𝑛−1

𝑖=0

 

where the functionality f=3, the maximum generation index gen is 5, and the 

number of neutral spacers (methylene groups) in each branch is S=3.  
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Table 3-11 lists the average numbers of different types of monomers in 

PAMAM dendrimers with generations 5 and 4.5, as well as the corresponding 

numbers of counterions. 

Table 3-11 Total number of monomers and average numbers of charged monomers 
(ratio over all chargeable ones) in each PAMAM molecule at different pH values, as 
well as the number of counterions included to neutralize the system. Note that in cases 
of G4.5, counterions are included for both the negatively charged carboxyl and 
positively charged tertiary amine groups. 

 
pH Ratio of charged 

surface groups
*
 

Ratio of charged 
Tertiary Amines (core) 

Total number 
of Monomers  

Total number 
of Counterions 

P
A

M
A

M
 

G
5
 

4 128 / 128 120 / 124 1010 248 

7 128 / 128 3 / 124 1010 131 

10 30 / 128 0 / 124 1010 30 

P
A

M
A

M
 

G
4
.5

 4 17 / 128 120 / 124 754 137 

7 128 / 128 3 / 124 754 131 

10 128 / 128 0 / 124 754 128 

* Surface (outer functional) groups for PAMAM G5 = primary Amines; for PAMAM G4.5 
= carboxyl groups 

In each of our simulation system, a single dendrimer is introduced in the cubic 

simulation box with periodic boundary conditions applied in all three directions. 

Counterions are added to maintain charge neutrality in the system. All 

dendrimer monomers and counterions are taken to be of the same diameter . 

The excluded volume effects of these particles are modelled by the pairwise 

Lennard-Jones (LJ) interaction potential  

ULJ(rij) = 4ε [(
σ

rij
)

12

− (
σ

rij
)

6

] 

where rij is the center-to-center distance between particles i and j. The particles 

are embedded in a dielectric continuum solvent at -condition with no explicit 

solvent molecules. The LJ parameter ε is set to be 0.34𝑘𝐵𝑇, where 𝑘𝐵 is the 

Boltzmann constant and 𝑇 is the temperature, and the cut-off distance of the LJ 

interaction forces is 𝑅𝑐 = 2.5𝜎.24,25 All charged monomers and counterions carry 

monovalent charges. Their electrostatic interaction strength is measured by the 

Bjerrum length 𝑙𝐵 = 𝑒2/𝜖𝑘𝐵𝑇 which is defined as the distance at which the 

electrostatic interaction energy between two elementary charges e equals 
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thermal energy 𝑘𝐵𝑇. Additionally, 𝜖 is the dielectric constant of the solvent. In 

this work, we take 𝑙𝐵 = 1𝜎. There is thus no Manning condensation effect for 

dendrimers with relatively low charge density. The long-range electrostatic 

interaction forces in the periodic systems are calculated using the particle-

particle-particle mesh (P3M) algorithm26,27 with the optimal splitting 

parameters28. 

The simulations are performed in the canonical ensemble where the constant 

temperature is obtained by coupling the system to a Langevin thermostat. The 

equations of motion of the particles are then given by24,25 

m�̈�𝒊(t) = −ζ�̇�𝒊(t) − ∇𝑖U({𝐫(t)}) + 𝚪𝒊(t) 

where m and 𝒓𝑖 are the mass and Cartesian coordinate of particle i.  The friction 

coefficient takes the value of ζ = (𝑚𝑘𝐵𝑇)1/2/𝜎, and the stochastic force 𝚪𝒊 is a 

Gaussian white noise.   

The equations of motion are solved numerically using the velocity-Verlet 

method with time step size ∆𝑡 = 10−3𝜏 where 𝜏 = (𝑚𝜎2/𝑘𝐵𝑇)1/2 is the LJ time 

unit. The covalent bond lengths between adjacent monomers are constrained to 

a fixed value of 𝑙 = 1𝜎 using the RATTLE algorithm26 with tolerance of 10-7.  

Our simulation model has been tested for the neutral and charged dendrimers 

with trifunctional groups as studied by Lyulin et al. using Brownian dynamics 

simulations and similar coarse-grained model29. Good agreement has been 

found between our simulation results and those reported in their work on the 

radii of gyration, 𝑅𝑔, and monomer radial density distribution functions for 

dendrimers up to generation 5. 

The number density of monomers in the central simulation box is fixed to 𝜌 =

8 × 10−3𝜎−3 which is low enough to avoid physical contact of the dendrimer with 

its periodic images, but sufficiently high for investigating the counterion-

dendrimer interactions. In each simulation run, the system is first equilibrated for 

a period of 103𝜏 as neutral dendrimers and then another 5 × 102𝜏 with charges 

switched on. Analysis data on the structural properties are then collected and 



112 

 

averaged over a further simulation period of 104𝜏. All simulation data reported in 

this work are results averaged over an ensemble of 25 independent runs.  

   The structural properties of a dendrimer with N monomers can be first 

characterized by calculating its gyration tensor S defined as  

𝑆𝛼,𝛽 =
1

𝑁
∑(𝑟𝑖

(𝛼)
− 𝑟𝑐𝑚

(𝛼)
)(𝑟𝑖

(𝛽)
− 𝑟𝑐𝑚

(𝛽)
)

𝑁

𝑖=1

 

where ri
(α)

 is the th Cartesian coordinate of the position vector 𝒓𝑖 of monomer i, 

and rcm
(α)

 is that of the position vector 𝒓𝑐𝑚 of the center of mass of the whole 

dendrimer. Diagonalizing the gyration tensor by transforming it to the principal 

axis system yields 𝑆 = 𝑑𝑖𝑎𝑔(𝜆1, 𝜆2, 𝜆3) with the three-tuple of principal moments 

𝜆1 ≥ 𝜆2 ≥ 𝜆3. The trace (first invariant) of such a diagonalized tensor gives the 

squared radius of gyration30, Rg, and the second invariant yields the relative 

shape anisotropy κ2 (see more details in the Methods Section 3.2.5). The 

simulation results on Rg of PAMAM G5 and G4.5 at different pH are presented 

in Figure 8(f), and those for their aspect ratios and κ2 are given in Section 

3.7.2.2. 

3.7.5 Overview of PAMAM G5 radii reported from computational and 

small angle scattering studies 

Table 3-12 Size information of PAMAM G5 studied with small angle scattering and 
computational techniques. The radius was mostly provided as radius of gyration (Rg) of 
the whole molecule, but RN only considers the location of the primary nitrogen (terminal 
amine groups). Depending of the fit chosen for the experimental data, RS refers to the 
radius of a sphere and Rf to the radius of a sphere with a fuzzy edge. For SANS 
experiments where the solvent is deuterium oxide, the acidy scale factor α refers to the 
molar ratio of acid to primary amine and is adjusted with deuterated acid. 

Method Condition Radius / Å Fit / Approach 

SAXS31 Methanol Rg 24.1 

Rg 25.3 

Rg 31.0 

Sphere 

Guinier 

Zimm 

SAXS32 Methanol Rg 21.9 

Rg 22.0 

Polydisperse Sphere 

Ellipsoid of Revolution 

SAXS33 Methanol Rg 23.07 ± 0.03 Indirect Fourier Transform 
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Rs 29.95 ± 0.08 

Rg 22.76 ± 0.09 

Rf 24.37 ± 0.04 

Polydisperse Sphere 

Rotational Ellipsoid 

Fuzzy Edge 

SANS34 Bulk 

0 ≤ xs ≤0.4 xs: mix 
of (methanol)/ 
(acetone) 

 

Rg 16.4 ± 0.6 

Rg 22.1 ± 0.2 a  

Rg 22.9 ± 0.2 b 

 

Guinier 

 

SANS35 α = 0 

α = 1 

 

α = 2 

 

Rg 26.2 ± 0.53 

Rg 26.5 ± 0.95c; 
26.9 ± 0.30d 

Rg 26.5 ± 1.10c; 
26.8 ± 0.25d 

(1) S(Q): numerical 
solution of the Ornstein-
Zernike integral equation 
(OZ) with the hypernetted 
chain closure (HNC), (2) 
P(Q): modified fuzzy ball 
model with diffuse edges 

SANS36 α = 0; 0.23; 0.89; 
1.60 (respective 
pD of 10.38; 9.12; 
6.79; 4.70) 

Rg 25.8648 + 
0.5631αd 

 

(1) S(Q): OZ-HNC,  

(2) P(Q): modified fuzzy 
ball model with diffuse 
edges 

Simulation37 Gas phase Rg 16.001 Molecular Dynamics with 
atomistic configurations 
derived from continuous 
configurational Boltzmann 
biased direct Monte Carlo 
(CCBB-MC) 

Simulation38 High pH (> 10) 

Neutral pH (~ 7) 

Low pH (< 4) 

(Implicit water) 

Rg 18.3 ± 0.3 

Rg 32.8 ± 0.7 

Rg 38.0 ± 0.1 

MD with atomistic 
configurations derived 
from Insight II software 
package  

Simulation39 Gas phase 

 

High pH 

 

Neutral pH 

 

Low pH 

(explicit water with 
Cl- counter ions)  

Rg 18.34 ± 0.37; 
RN 20.26 ± 0.68 

Rg 20.67 ± 0.09; 
RN 22.71 ± 0.47 

Rg 22.19 ± 0.14; 
RN 24.43 ± 0.07 

Rg 24.76 ± 0.14; 
RN 27.38 ± 0.18 

MD with atomistic 
configurations derived 
from CCBB-MC 

Simulation40 Water with Cl- 
counter ions 

Rg 25.1 ± 0.001 MD with atomistic 
configurations derived 
from Insight II software 
Package 
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Simulation41 Vacuum high pH 

Implicit water 

High pH 

Neutral pH 

Low pH 

Implicit methanol 

High pH 

Neutral pH  

Low pH 

Explicit methanol 

High pH 

Neutral pH 

Low pH 

Rg 17.04 ± 0.09 

 

Rg 18.02 ± 0.15 

Rg 20.78 ± 0.30 

Rg 26.47 ± 0.44 

 

Rg 18.02 ± 0.15 

Rg 20.70 ± 0.37 

Rg 28.93 ± 0.32 

 

Rg 21.01 ± 0.17 

Rg 22.38 ± 0.09 

Rg 22.36 ± 0.09 

MD with atomistic 
configurations derived 
from Insight II software 
Package 

Simulation30 High pH 

Low pH 

(water with Cl- 
counter ions) 

Rg 20.57  

Rg 26.1  

 

MD with atomistic 
configurations derived 
from CCBB-MC 

Simulation42 Gas phase Rg 18.15 

 

MD of a coarse-grained 
(CG) model based on 
atomistic configurations 
from CCBB-MC  

Simulation43 CG1 

CG2 

CG3 

All Atoms 

(no water) 

Rg 17.82 

Rg 14.31 

Rg 18.05 

Rg 18.03 

MD of three CG models 
and all-atoms model with 
atomistic configurations 
derived from Materials 
Studio software package 

Simulation44 High pH 

Low pH 

(water with 
counter ions) 

Rg 19.00 ± 0.06 

Rg 25.32 ± 0.22 

MD with atomistic 
configurations derived 
from Dendrimer Builder 
Toolkit 

a at 20 °C b at 50 °C c α adjusted with D2SO4 d α adjusted with DCl 
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ABSTRACT 

Understanding how polymers interact with biological membranes is important 

for the development of polymer based therapeutics and wider biomedical 

applications. Here, biophysical methods (surface pressure measurements, 

external reflection FTIR) have been used to investigate the interaction between 

PAMAM dendrimers (Generation 5 or 4.5) and anionic (DPPG) or zwitterionic 

(DPPC) model membranes. We observed a concentration-dependent binding 

behaviour of both PAMAM species to both model membranes; however, 

equivalent levels of penetration into DPPC monolayers required approximately 10-

fold higher dendrimer concentrations than for penetration into DPPG monolayers. 

Overall, the anionic PAMAM G4.5 showed a slightly better penetration ability 

which could be caused by repulsive forces towards the lipid layers. In comparison, 

increasing concentration of cationic PAMAM G5 leads to saturation of adsorption 

at the anionic lipid surface before penetration into the lipid layer likely driven by 

electrostatic attraction. Our studies also showed that physiologically relevant 

concentrations of sodium chloride (144 mM) decreased PAMAM penetration into 

DPPG monolayers but did not significantly affect the dendrimer-DPPC interaction. 

These results provide an insight into the mechanism of interaction between 

charged dendritic polymers with a lipid interface and show that the nature of such 

interactions are affected by lipid headgroup, dendrimer charge and solution 

salinity. 

  



122 

 

4.1 INTRODUCTION 

Poly (amidoamine) (PAMAM) dendrimers are monodispersed polymeric 

systems characterised by a well-defined molecular architecture 1, 2. In the context 

of polymer therapeutics, PAMAM dendrimers have been explored for multiple 

purposes: as drug/gene carriers 3-5 and as biologically active polymers per se.  In 

particular, full generation PAMAM dendrimers have been investigated for use in 

gene delivery 6 as the positive charges conferred by the primary amino groups on 

the surface of the dendrimer make them ideal for complexing with negatively 

charged DNA 7, 8. 

While PAMAM dendrimers have proved to be efficient gene transfer agents, 

their transition into medical products is somewhat limited by their toxicity, 

previously reported to be concentration-, generation-, and charge-dependent 9-11. 

Therefore, studies have investigated PAMAM dendrimer - cell membrane (or 

model membrane) interactions, to determine: (a) the mechanisms of gene transfer 

7, 12, 13, (b) the mechanism of toxicity 14-16, and, most importantly, (c) physico-

chemical factors affecting PAMAM toxicity 17-19, in view of tailoring the chemical 

structure to produce more optimised systems. Moreover, PAMAM dendrimers 

have displayed antibacterial properties 20-23, which makes them potentially 

interesting candidates as drugs, per se.  

Biophysical and in vitro biological studies have been carried out to elucidate 

PAMAM-membrane interactions, primarily using cells 24, 25, vesicles 26-28, and lipid 

bilayers 27, 29-31. For studies investigating the impact of lipid composition and 

solution properties on polymer binding to model membranes, lipid monolayers at 

the air/water interface are well-established physico-chemical models. Lipid 

monolayers have been used extensively to investigate lipid layer phase states 32, 

protein/peptide binding to lipid surfaces 33, 34, and DNA adsorption 35, 36. Their 

simplicity does not reflect the complexity of biological scenarios, but in turn, it does 

allow an excellent control over individual features and, as a result, it allows 

assessment of the individual contribution of different factors. In contrast to other 

model systems, lipid monolayers allow the lipid composition and lipid density to be 

selected and modified without restriction. Lipid monolayers have proved to be 
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good models to understand interactions of antimicrobial peptides 37, 38 with 

bacterial membranes. In general, results obtained from monolayer-based 

experiments are in accordance with observations on other membrane models 

29,37,39.  

Herein, we present a systematic study looking at PAMAM dendrimers in lipid 

monolayers as a simple and tuneable model system to assess polymer – 

biological membrane interactions. We have investigated the impact of polymer 

charge and concentration on its interactions with a zwitterionic and an anionic 

model membrane. Specifically, to produce the model membranes two saturated 

phospholipids were selected with differently charged head groups; 1,2-dipalmitoyl-

sn-glycero-3-phosphocholine (DPPC, zwitterionic) and 1,2-dipalmitoyl-sn-glycero-

3-phospho-(1'-rac-glycerol) (sodium salt) (DPPG, anionic) (Figure 1), which are 

predominant polar lipids in eukaryotic and prokaryotic membranes, respectively 40, 

41. Due to their simplistic structure, they are well-established model lipids to study 

membrane interactions under a wide range of conditions. As unsaturated 

phospholipids tend to create disorder in the hydrophobic region and hinder 

formation of the condensed phase in which the interaction experiments are to be 

carried out, the saturated 1,2-dipalmitoyl- phospholipids have been chosen for this 

study.  

Surface pressure measurements were employed to determine penetration of 

polymers (details in Table 4-1, Figure 4-1) into lipid monolayer surfaces and to 

assess polymer selectivity towards different lipids. To measure the impact of 

polymer concentration and charge, studies were carried out on PAMAM 

dendrimers generation 5 (G5, cationic) and generation 4.5 (G4.5, anionic). Both 

dendrimers carrying 128 functional surface groups and are of a similar size. Linear 

polyethylene glycol (PEG) of a similar size (20,000 g mol-1) was used as a 

negative control; as a model of a non-ionic, non-toxic polymer. Further, as most 

PEGylated products on the market contain linear PEG, it was decided that linear 

PEG would be a clinically relevant comparator. FTIR studies were carried out to 

complement and clarify the findings from surface pressure measurements. 
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Figure 4-1 Chemical structures of the lipids and the polymers used in this study. a) 
Chemical structure of i) 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC); ii) 1,2-
dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (DPPG). b) Chemical 
Structure of linear polyethylene glycol (PEG). c) Chemical structure of poly(amidoamine) 
(PAMAM) dendrimer with ethylenediamine core; generations inset: i) PAMAM G4.5: R-
group anionic in solution (pH 7), sodium carboxylate surface groups; ii) PAMAM G5: R-
group cationic in solution (pH 7), amino surface groups. 
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Table 4-1 Characteristics of the PAMAM dendrimers used in the study. 

 
PAMAM (Poly(amidoamine)) 

Generation G4.5 G5 

Molecular Weight (g mol
-1
)
a 26,251.86 28,824.81 

Charge (in methanol) Anionic Cationic 
Charge density: ratio of number 

of amino groups to MW
b 

0.0048 0.0088  
(0.0044)

c 
a As determined by the manufacturer  
b Theoretical values 
c Considering only surface amino groups 

4.2 EXPERIMENTAL 

4.2.1 Materials 

Lipids were obtained from Avanti Polar Lipids, Inc (AL, USA). The solutions of 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC; synthetic purity >99%, 734 g 

mol-1) and 1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) 

(DPPG; synthetic purity >99%, 745 g mol-1) were prepared in chloroform (Sigma 

Aldrich UK, 99%+) to a concentration of 0.5 mg mL-1. PAMAM G5 (~28,800 g mol-

1, ethylenediamine core), PAMAM G4.5 (~26,300 g mol-1, ethylenediamine core) 

and Polyethylene glycol (PEG, 20,000 g mol-1), the phosphate salts and solvents 

were obtained from Sigma Aldrich (Dorset, UK). Sodium chloride was obtained 

from Fisher Scientific UK Ltd (Loughborough, UK). Aqueous Phosphate buffer 

solution (20 mM) at pH 7 was prepared in house with UHQ water at 18.2 mΩ 

(ELGA purelab). Enriched salt buffer was prepared adding 144 mM sodium 

chloride to phosphate buffer pH 7. 

4.2.2 Surface pressure measurements 

Experiments were performed on a Langmuir-Blodgett trough (model 611, Nima 

Technology Ltd, Coventry, UK) equipped with barriers used for monolayer 

compression. Lipid monolayers were created at the air/liquid interface and surface 

pressure measurements were carried out using the Wilhelmy plate method as 

previously described 34, 38. The trough was filled with 80 mL of phosphate buffer, 
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onto which 25 µL of a 0.5 mg mL-1 lipid solution was spread on the surface. After 

allowing up to 15 min for the chloroform to evaporate, surface pressure versus 

area per molecule isotherms were recorded; and the lipid layer was compressed 

and held in the condensed phase at 21 ± 2 mN m-1. Two millilitres of concentrated 

polymer solution (0.1 - 25 mg mL-1 in phosphate buffer) were then introduced into 

the buffer subphase with a custom-made needle to obtain concentrations ranges 

from 0.0024 – 0.6 mg mL-1. The polymer-lipid interaction was recorded as a 

function of surface pressure versus time until equilibration and the maximum 

change in surface pressure determined. 

4.2.3 External reflection FTIR spectroscopy 

ER-FTIR spectra were recorded using a ThermoNicolet Nexus instrument 

(Madison, WI, USA) fitted with a monolayer/grazing angle accessory (Specac 

19650 series, Kent, UK). The instrument was also fitted with a mercury cadmium 

telluride (MCT) detector and connected to an air dryer to purge the instrument of 

water and carbon dioxide. A small PTFE trough was used to control lipid 

compression and allow studies at the air/water interface to be carried out. The 

grazing angle accessory was set to a grazing incident angle of 55° from the 

surface of the trough. Polymer-lipid interactions were analysed using external 

reflectance as described by Lad et al38.  

All FTIR spectra were collected at a resolution 4 cm-1 where 256 interferograms 

were collected, co-added and ratioed against a background spectrum of D2O 

buffer solution. In each experiment, 9.5 mL of 20 mM sodium phosphate buffer (pD 

7.0) were placed in the trough and a background single beam spectra recorded. 

The lipid solution (5 µL of 0.5 mg mL-1) was spread onto the surface of the buffer 

and compressed to 21 ± 2 mN m-1 predefined using surface pressure 

measurements, as described previously38. After collection of the lipid spectra, 500 

µl of PAMAM solution was introduced into the phosphate buffer subphase in 

stages to allow for measurements of binding at different polymer concentrations of 

0.0024, 0.0125, 0.018 and 0.024 mg mL-1 for binding to a DPPG monolayer and 

0.02, 0.06, 0.12 and 0.3 mg mL-1 for binding to DPPC monolayer. These different 

ranges of concentrations were selected based on the concentrations that had 
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shown a similar response (similar  surface pressure) in the previous experiments 

(Figure 4-3). Spectra were collected continually for the first 30 min after polymer 

injection, and one spectrum every 15 min for a total of 2 h until the next polymer 

addition. 

The interaction of the polymer with the lipid monolayer was observed by 

monitoring the amide region, 1,700 – 1,550 cm-1, and the CH2 asymmetric and 

symmetric stretching frequencies (2,850 – 2,930 cm-1). To correct for any water 

vapor present, H2O and HOD spectra were scaled and subtracted against 

dendrimer adsorbed spectra, the degree of subtraction was dependent on the 

adsorption time as well as the amount of H/D exchange. No further processing 

was performed. 

4.3 RESULTS  

4.3.1 Effect of polymer charge on polymer-lipid interactions 

In this initial study, we selected two PAMAM dendrimers (G4.5 and G5) and 

PEG. The polymers had very similar molecular weights (approx. 30,000 Da, see 

Table 4-1), but differed in charge. While at neutral pH the full-generation PAMAM 

dendrimers (including G5) have the primary amines of their surface groups 

protonated and therefore carry a cationic charge 42, 43, the carboxylate surface 

groups of their half-generation counterparts (e.g. G4.5) are deprotonated and 

account for the anionic charge of these dendrimers. Considering the charge 

difference of the otherwise structurally similar PAMAM dendrimer molecules, we 

studied their interaction with differently charged lipid monolayers and compared 

the results to those of linear, non-charged PEG 20,000. Aqueous solutions of 

these three polymers were exposed to DPPC and DPPG monolayer, as mimics of 

eukaryotic and procaryotic membranes. Surface pressure changes over time were 

recorded for PAMAM G5 and G4.5 and for PEG (all at 0.061 mg mL-1) interacting 

with DPPC and DPPG monolayers compressed to the condensed phase (Figure 

4-2). This technique records changes in surface pressure, indicative of a 

penetration of the molecules into the lipid monolayer. The addition of both PAMAM 

dendrimer types at 0.061 mg mL-1 produced distinctively different interaction 
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profiles for DPPG suggesting a different interaction mechanism and showed 

similar profiles with significantly less interaction for DPPC monolayers.  

 

Figure 4-2 Selectivity of polymers towards different lipid monolayers. Changes in 
surface pressure for PEG 20,000 (panel a); PAMAM G5 (panel b); and PAMAM G4.5 
(panel c) binding to DPPG (filled symbols) and DPPC (open symbols) monolayers were 
recorded over time. Experiments were carried out at pH 7, surface pressure was at 21 ± 2 
mN m-1 immediately prior to polymer addition at concentration 0.061 mg mL-1. Data show 
profiles for a single representative experiment from a set of at least 3 independent 

experiments (n  3). Panel d shows comparison of maximum increase in surface pressure 
observed for the 3 polymers against DPPG (black) and DPPC (white), data show mean ± 

SEM (n  3). Statistical significance calculated via Student’s t test, and set at p  0.05. ns 
= non-significant. 

More specifically, PAMAM G5 interaction with DPPG monolayers resulted in a 

fast increase reaching its maximum surface pressure within 10 min and remaining 

in equilibrium at this level; whereas in comparison PAMAM G4.5 first induced a 

small decrease in surface pressure prior to a slow but steady increase reaching its 

maximum surface pressure within 60 – 120 minutes of the observation period. The 

interaction of both dendrimers with DPPG monolayers resulted in a similar 

magnitude of change in surface pressure (4.32 ± 0.33 mN m-1 and 5.69 ± 0.58 mN 

m-1 PAMAM G5 and PAMAM G4.5 respectively, Fig. 4-2d), which indicates that 

both dendrimers were able to penetrate the DPPG monolayer to a similar extent.  
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Conversely, little to no penetration of PAMAM dendrimers into the zwitterionic 

DPPC monolayer occurred at the dendrimer concentration of 0.061 mg mL-1 

(Figure 4-2b and c, open symbols). Only minor increases in surface pressure were 

observed for dendrimer interaction with DPPC; 0.84 ± 0.08 mN m-1 and 1.34 ± 

0.25 mN m-1 for PAMAM G5 and PAMAM G4.5 respectively (Figure 4-2d). This 

was probably because of the net-neutral charge of the DPPC headgroups did not 

offer sufficient electrostatic attraction to facilitate adsorption and penetration of the 

PAMAM dendrimers at this concentration. 

In comparison, the non-charged PEG 20,000 displayed a different behaviour, 

showing no significant increase in surface pressure for interaction with either 

DPPG or DPPC (Figure 4-2a), indicating that the polymer was unable to penetrate 

either monolayer. The interaction profiles showed a small increase in surface 

pressure (< 1 mN m-1) relating to the injection process within the first two minutes 

and then the surface pressure remained in equilibrium. The lack of interaction of 

PEG was somewhat expected as this polymer, a clinically relevant comparator, is 

well known for its biocompatibility. 

4.3.2 Effect of polymer concentration on polymer-lipid interactions 

4.3.2.1 Surface pressure measurements 

Upon observing a difference in PAMAM dendrimer binding to anionic DPPG and 

zwitterionic DPPC, the effect of polymer concentration on penetration into the lipid 

layers was investigated using surface pressure measurements. The changes in 

surface pressure with increasing polymer concentration are compared in Figure 4-

3; for PAMAM G5  (4-3a), PAMAM G4.5 (4-3b) and PEG 20,000 (4-3c) interacting 

with DPPG (filled symbols) and DPPC (open symbols) monolayers respectively.  

Both PAMAM species showed a concentration-dependent surface pressure 

increase related to greater penetration when more dendrimer molecules were 

present in the phosphate buffer subphase. Furthermore, the interaction profiles 

with the lipid monolayers described above for the PAMAM concentration of 0.06 

mg mL-1 were observed over the whole concentration range studied. 
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Figure 4-3 Concentration-dependence of polymer interactions with lipid monolayers. 
Binding of PAMAM G5 (panel a); PAMAM G4.5 (panel b); and PEG 20,000 (panel c) to 
DPPG (filled symbols) and DPPC (open symbols) was studied at pH 7. Surface pressure 
was 21 ± 2 mN m-1 prior to polymer addition. Maximum surface pressure change data 
displayed indicate mean ± SEM; error bars are hidden by the symbol when not visible. 

Statistical significance calculated via Student’s t test, and set at p   0.05. ns = non-

significant. Comparisons carried out are highlighted with dashed line. 

The concentration-dependent changes in surface pressure for PAMAM G5 are 

displayed in Figure 4-3a. For the interaction with DPPG, the surface pressure 

change observed increased from approximately 1.7 to 7.6 mN m-1 at 

concentrations of 0.0024 to 0.3 mg mL-1. Interestingly, for concentrations above 
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0.18 mg mL-1, penetration into DPPC monolayers was also observed (which had 

not been detected at lower concentrations), inducing a maximum change in 

surface pressure of approximately 3.1 mN m-1 for the highest concentration of 0.3 

mg mL-1. 

The results of the study of PAMAM G4.5 are depicted in Figure 4-3b. The 

surface pressure change observed for interaction with DPPG increased from 

approximately 0.8 to 5.7 mN m-1 at concentrations of 0.012 to 0.06 mg mL-1. 

Furthermore, similarly to what observed for PAMAM G5, the surface pressure 

change observed for interaction with DPPC monolayers increased with higher 

concentrations (from approximately 1.3 to 4.0 mN m-1 for concentrations from 0.06 

– 0.3 mg mL-1) indicating dendrimer penetration at all concentrations studied. 

Interaction of PEG 20,000 with DPPG and DPPC monolayers was investigated 

over a wide concentration range (0.0024 – 0.6 mg mL-1) (Figure 4-3c) and the 

interaction profile described earlier (i.e. no penetration) remained the same for all 

concentrations studied. This observation could be explained with PEG being a 

non-charged polymer and therefore not involved in electrostatic interactions. 

4.3.2.2 External reflection FTIR spectroscopy 

As surface pressure measurements are sensitive to polymer penetration into 

the lipid layer, but not total adsorbed amount, external reflection FTIR 

spectroscopy was used to investigate adsorption of PAMAM G5 to the lipid 

interface. This method provided a measure of total mass of polymer at the 

lipid/water interface through measurement of the peak area around the Amide I 

peak (1,700-1,550 cm-1) associated with the peptide bond.  

Figure 4-4 shows Amide I peak area plotted against polymer concentration for 

PAMAM G5 binding to DPPC and DPPG monolayers. The presence of an 

increasing peak area around the Amide I peak confirms the presence of PAMAM 

G5 at the lipid interface. However, PAMAM G5 adsorption to the different lipid 

surfaces varies considerably. A visible amount of dendrimer was adsorbing at very 

low concentrations (0.0024 mg mL-1) with an observed equilibrium peak area 

starting at 0.05 for binding to DPPG. In comparison, when the interaction with 
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DPPC was investigated less dendrimer adsorption was observed with a peak area 

maximum of 0.015. The peak area maximum for DPPC occurred at a 

concentration that was a magnitude larger than the maximum peak area observed 

for DPPG.  

 

Figure 4-4 Concentration-dependent effect of PAMAM G5 dendrimers on the Amide I 
region of the FTIR spectrum. Changes in the peak area of the Amide I (panel a) were 
observed upon dendrimer binding to DPPG (filled symbols) and DPPC (open symbols) 
monolayers. The inset enlarges the data for interaction with DPPG only. Exemplary 
spectra focusing on the Amide I region (panel b) showing the addition of PAMAM G5 to a 
DPPG monolayer in the condensed phase. i) 0.0024 mg mL-1; ii) 0.0125 mg mL-1; 0.018 
mg mL-1; iv) 0.024 mg mL-1. No visible changes were associated to the C = O stretch of 
the headgroup of the phospholipid. Reproducibility of the technique has been verified via 
experiments with a subset of PAMAM dendrimers of different generations. 

For PAMAM G5 adsorption to DPPG, the lipid surface appeared to become 

saturated by the dendrimer towards the maximum concentration tested (peak area 

at 0.0125 mg mL-1 equalled 83% of that observed for 0.025 mg mL-1). In contrast, 

measurements of penetration by surface pressure showed no evidence of 

saturation even at much higher concentrations of PAMAM G5 (maximum 

concentration 0.3 mg mL-1). The comparison of results from the two techniques 

suggests that dendrimer accumulation at the surface of the lipid occurs before 

penetration into the monolayer. 

4.3.3 Effect of sodium chloride in the buffer subphase on polymer-lipid 

interactions  

Sodium chloride is an important component of biological systems. 

Concentrations of sodium chloride observed in biological systems are different in 
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different cellular environments. As PAMAM dendrimers carry charges, their 

interaction with the lipid monolayer are likely to be influenced by these charges, 

and, as such, by the presence of sodium chloride. We studied PAMAM interaction 

with DPPG and DPPC monolayers in presence of sodium chloride (144 mM) in the 

phosphate buffer subphase. The interactions were studied at a PAMAM 

concentration of 0.06 mg mL-1 for DPPG and 0.3 mg mL-1 for DPPC; these 

concentrations selected as they corresponded to equivalent surface pressure 

changes without addition of salt (see Figure 4-3). The results are summarised in 

Table 4-2.  

Table 4-2 Effect of presence of sodium chloride in the phosphate buffer subphase (pH 7, 
20 mM) on interaction of PAMAM G5 and G4.5 with DPPG and DPPC monolayers. Δ 
surface pressure data indicate mean ± SEM. PAMAM dendrimer concentration for 
interacting with DPPG was 0.061 mg mL-1; for interacting with DPPC 0.3 mg mL-1.# 

 

Δ Surface Pressure / mN m
-1

 

 
PAMAM G5 PAMAM G4.5 

 
DPPG DPPC DPPG DPPC 

0 mM NaCl 4.3 ± 0.3 3.1 ± 0.2 5.7 ± 0.6 4.0 ± 0.4 

144 mM NaCl 3.1 ± 0.4 ns 3.8 ± 0.8 ns 1.6 ± 0.2* 3.6 ± 0.3* 

#Statistical significance (Student’s t test 144 vs 0 mM); ns = non-significant, * p ≤ 0.05 

The sodium chloride addition to the phosphate buffer resulted in a smaller 

increase in surface pressure for both PAMAM species binding to DPPG compared 

to the non-salt results, but only for PAMAM G4.5 this effect reached statistical 

significance (1.6 mN m-1 compared to 5.7 mN m-1 without the salt addition, p < 

0.05). The decrease in penetration ability might be explained by sodium ions 

screening the anionic lipid heads and anionic surface groups of the PAMAM G4.5 

and therefore reducing the electrostatic forces involved in the lipid layer 

penetration.  

4.4 DISCUSSION 

We used two related biophysical techniques to study the binding behaviour of 

anionic PAMAM G4.5 and cationic PAMAM G5 to zwitterionic DPPC and anionic 

DPPG monolayers. To our knowledge, existing membrane studies of PAMAM 
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dendrimers have been mainly focussing on cationic dendrimers 26, 27, 29 as due to 

their charge they have been proven good agents for drug 3, 4 and gene delivery 7, 8. 

Interestingly, fewer studies have been carried out using anionic dendrimers 

despite their lower cytotoxicity 25, 44, antimicrobial activity 21, 45 and suitability as 

potential drug delivery agents 46, 47. Just recently, their advantages over the 

cationic counterparts have started to attract more interest in the research 

community and membrane interactions in vitro were studied with the view of their 

potential as an anionic drug carrier 48, 49. However, the molecular processes 

underlying their interactions with biomembranes and their lower cytotoxicity are 

still not understood and very few studies have been focussing on elucidating 

anionic PAMAM’s interaction mechanism with model lipid membranes 50, 51 or 

proteins 52, 53 so far.  

As indicated previously, surface pressure measurements are particularly 

sensitive to monolayer penetration by molecules 33, 54, 55. This is used to our 

advantage since this technique is able to selectively probe interactions that lead to 

lipid penetration rather than those that result in significant adsorption of material 

below the lipid layer. It is not a quantitative measure of adsorbed amount, and 

measurements have shown that interactions where adsorption of molecules is 

below a lipid monolayer with little or no lipid penetration lead to negligible changes 

in surface pressure 56.  

It has been observed previously that polycations, including PAMAM G5, are 

toxic towards eukaryotic cells at concentrations that depend on cell line and 

exposure time 11, 25. Our monolayer studies show evidence of concentration-

dependent penetration for both anionic PAMAM G4.5 and cationic PAMAM G5 to 

a DPPC monolayer selected as a simplified eukaryotic model membrane. The 

penetration at higher concentrations (> 0.18 mg mL-1) seem to match (and could 

potentially explain) the toxicity reported for cationic PAMAMs and, in fact, evidence 

of membrane disruption and pore formation has been observed previously using 

different membranes models 26, 31, 57-59. Those studies and simulation studies 60-62 

concluded that such mechanisms are dependent on concentration and size of the 

cationic dendrimers. However, those studies do not explain our results observed 

for the anionic, better-tolerated PAMAM G4.5 which displayed similar penetration 
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levels into our model as the cationic counterpart. It has been previously suggested 

that anionic PAMAM either induce membrane defects and leakage (G1.5) or 

prevent those by increased lipid packing and local swelling (G4.5) of amphiphilic 

POPC bilayers 63. Another study directly compared anionic PAMAM G2.5 and 

cationic PAMAM G3 binding to DPPC bilayers provides similar conclusions about 

their different membrane interaction behaviour 50. 

Those observations from the PAMAM interactions are supported by other 

studies that investigated diverse mechanisms of interaction for the binding of 

anionic and cationic polymers to zwitterionic lipids; specifically the PC head group, 

and revealed that anionic nanoparticles reduce fluidity of lipid surfaces 64, 65. Wang 

et al. 66 suggested that the charge of the approaching polymer affects the tilt angle 

of the zwitterionic PC head group as a result of the positions of the N+ and P- 

charges on the lipid. Considering the molecular weight of PAMAM G4.5 

dendrimers, only a small number of molecular contacts are required to deeply 

penetrate the lipid monolayer to reach the hydrophobic region and for an 

observable change in surface pressure to occur 34, 54.  

It is also interesting to consider the behaviour of PAMAM dendrimers to these 

simple lipid surfaces in the context of their selectivity between bacterial and 

eukaryotic membranes (Figure 4-2a and b). For example, other studies have 

shown that full-generation PAMAM G5 and G3 dendrimers are toxic against 

prokaryotes (i.e. Pseudomonas Aeruginosa; Staphylococcus Aureus) and that 

higher concentrations were required to observe toxicity against eukaryotic cells 

(human corneal epithelial cells; human bone mesenchymal stem cells)20, 22, 23. 

Studies involving anionic PAMAM species confirmed a similar toxic effect towards 

bacterial membranes, however at higher concentrations compared to their cationic 

counterparts 21, 45. Interestingly, there are only few studies on eukaryotic 

membranes assessing anionic PAMAM dendrimers, but all reports indicate no or 

little toxicity even at concentrations up to 1 mg mL-1 (human corneal epithelial 

cells; human glioma cells) 49, 67. The different interaction kinetics of PAMAM G5 

and PAMAM G4.5 observed in our study indicate different modes of penetration 

into the DPPG and DPPC lipid monolayers, which might be related to the 
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distinctive toxicity behaviour of both PAMAM species reported in some of the 

studies mentioned above, and might be due to the lipid model used.  

Our observations of the comparator polymer PEG 20,000 Da showing no 

penetration in the investigated model membranes can be attributed to its physico-

chemical characteristics (non-charged, with a flexible, linear geometry) and 

support PEG’s previously reviewed biocompatibility and non-toxic behaviour 

towards eukaryotic and prokaryotic cells 68, 69. In fact, PEGylation of PAMAM 

dendrimers has been used previously as a strategy to decrease cationic PAMAMs 

toxicity20,22,25 . However, findings of some other groups suggest that low molecular 

weight PEG (6000, 8000 g mol-1) could cause defects and leakage of zwitterionic 

lipid vesicles (i.e. DPPC; DMPC; POPC) 70, 71. The use of a higher molecular 

weight PEG in our study (20,000 g mol-1) could be potentially responsible for this 

difference observed, as the impact of the terminal OH would not be as significant 

as in lower molecular weight derivatives. 

Another reported factor influencing polymer-membrane interaction is the salt 

content of the surrounding media 62, 72, 73 and this is also of biological relevance 

considering the different salts regulating physiological processes in the human 

body 74, 75. Therefore, we decided to investigate the effect of addition of 144 mM of 

sodium chloride to the phosphate buffer subphase as this concentration 

corresponds roughly to the physiological sodium concentration found 

extracellularly (e.g. blood plasma). We found that the sodium chloride addition to 

the buffer solution did not affect the interaction of both PAMAM G4.5 and G5 with 

zwitterionic DPPC monolayers but seemed to decrease the interaction with anionic 

DPPG. Lee and Larson 62 showed in simulation studies with DPPC and PAMAM 

G5 addition of higher salt concentrations (500 mM) decreased interaction of the 

dendrimer with the lipid bilayer, probably due to the electrolyte weakening 

electrostatic forces. The significantly lower interaction of anionic PAMAM G4.5 

with DPPG under sodium chloride addition could probably be explained by a study 

by Böhme et al. 42, where they found counterions reducing the effective charge of 

PAMAM dendrimers. These results are further supported by findings of Zhao et al. 

76 where POPG bilayer showed strong attractive interactions between lipid 

molecules and dense lipid packing driven interlipid counterion bridges in the 
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bilayers and strong intra- and intermolecular hydrogen bonding that increased 

even further under sodium ion addition and led complexation of PG molecules. 

Considering sodium as counterion for the carboxylate surface groups and the 

anionic headgroup of DPPG, the excessive amount available after sodium chloride 

addition to the buffer is likely to screen and bind to the anionic groups and 

therefore drastically reducing the charge density driven interaction. The small 

decrease observed for PAMAM G5 against DPPG in the presence of NaCl would 

be consistent with electrostatic interactions (this was however shown to not be 

statistically significant (P > 0.05, Table 4-2)). It should be noted that variations in 

ionic strength could affect other parameters in addition to charge interactions, 

most notably they could potentially affect the size of the dendrimers. However, 

although PAMAM dendrimers are polyelectrolytes, their size has been reported to 

be independent from ionic strength78, and as such, our discussion on this aspect 

has focussed on the effect on charge. 

4.5 CONCLUSIONS 

In this study, the interactions of the dendrimers PAMAM G5 and G4.5 with 

DPPC and DPPG monolayers has been investigated, with a view to providing an 

insight into how the polymer, lipid and solution properties can influence polymer 

binding to biological membranes. To our knowledge, we are the first to report 

comparative cationic/anionic PAMAM-membrane interaction studies utilising lipid 

monolayers. Both, PAMAM G4.5 and G5 were able to differentiate between the 

zwitterionic and anionic lipid layers, however their interaction profiles suggest 

different mechanisms of dendrimer binding. The strong electrostatic attraction 

between PAMAM G5 surface groups and the DPPG head group allowed for 

adsorption and penetration of the polymer into the lipid layer. Interestingly, the 

anionic polymer PAMAM G4.5 showed evidence of strong penetration into DPPG 

monolayers. We hypothesise that this process is driven by DPPG head repulsion 

and interaction with lipid tails and intercalating into the hydrophobic areas of the 

lipid monolayer. Both PAMAM species interact in a concentration-dependent 

manner with the zwitterionic DPPC monolayers, however, much higher 

concentrations than for DPPG monolayers are required to induce significant 

increase in surface pressure, which is characteristic for membrane penetration. 
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Addition of sodium chloride to the buffer solution decreased the interaction with 

anionic DPPG monolayers for both PAMAM G4.5 and G5, but did not affect their 

interaction with DPPC. 

To confirm this hypothesis, further experiments would need to be carried out 

that enable the position of the polymer within the lipid layer to be quantitatively 

determined. Further proof of our hypothesis could be achieved by studying the 

polymer-membrane interactions in more complex model systems, such as mixed 

lipid systems or cell culture. Taken together, our results provide an insight into the 

mechanism of interaction between charged dendritic polymers and a lipid 

membrane surface. We have identified that binding and lipid penetration can occur 

via different mechanisms where both electrostatic and hydrophobic interactions 

appear to play a role. 
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CHAPTER 5: BINDING OF PAMAM DENDRIMERS 

WITH DPPG LIPID MEMBRANE MODELS IS 
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This chapter illustrates how changes in solvent (i.e. pH, residual methanol) can 

affect the binding behavior of PAMAM dendrimers to lipids in model membranes 

of increasing complexity. With the focus on pH and methanol effect, surface 
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of PAMAM G4.5 and G5 on DPPG lipid monolayers and bilayers respectively. 
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ABSTRACT 

Poly(amidoamine) (PAMAM) dendrimers are a class of polymeric 

nanomolecules with diverse surface functionalities leading to a wide range of 

potential biomedical applications. Medium-sized generations, such as G5, are 

most promising candidates for drug- and gene-delivery and therefore, it is 

important to understand their interactions with biological membranes, their 

individual components and membrane environment. Here, we focus on the 

major membrane components – lipids – and aim to provide mechanistical 

insights into PAMAM-lipid interactions using simplified membrane models and 

biophysical methods. The interaction of full-generation G5 and half-generation 

G4.5 dendrimers with anionic DPPG lipid membrane models were evaluated as 

a function of pH and presence of methanol in the dendrimer solution. The effect 

of dendrimer charge and lipid surface pressure prior to dendrimer addition was 

monitored with surface pressure measurements on monolayers, whereas 

neutron reflectometry was used to study the pH and charge effect along with 

concentration-dependency on supported bilayers. We found that both pH and 

residual methanol in the solution environment significantly affected the intensity 

of PAMAM interactions with DPPG model membranes. At pH 4 and presence of 

0.1 % methanol, both PAMAM G5 and G4.5 caused large changes in surface 

pressure of the monolayer (29.8 and 21.9 mN m-1, respectively), which were 

reduced but still apparent under methanol-free conditions. In contrast, at pH 7, 

those changes were only a fraction of pH 4, and no changes were observed for 

G4.5 under methanol-free conditions. Neutron reflectometry revealed an 

adsorption layer onto the DPPG headgroups and change in the hydration levels. 
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5.1 INTRODUCTION 

Commercially available poly(amidoamine) (PAMAM) dendrimers are 

pharmaceutical polymers defined by an initiator core with radially attached 

symmetrical branches and terminal surface functionalities1, 2. Their unique 

architecture and tuneability of the individual structural components3 makes 

PAMAM dendrimers suitable candidates for drug and gene delivery4-6 and 

several other biomedical applications7. Nanotoxicity is a limiting factor for the 

clinical applicability of cationic PAMAMs8-10, but not for the more biocompatible 

PAMAMs with anionic (i.e. -COOH) or non-ionic (i.e. -OH) surface groups11, 12. 

To overcome the cytotoxic effects, an understanding of the underlying 

mechanisms of PAMAM-cell interactions is crucial. Membrane lipids are likely a 

first point of contact, and therefore, simplified membrane models such as 

monolayers or supported bilayers are suitable systems to study the mechanistic 

effects of PAMAMs on cell membranes13, 14. 

Surface pressure changes can provide valuable information on membrane 

penetration and membrane rupture, and our previous work on PAMAM G4.5 

and G5 demonstrated a concentration-dependent penetration behavior with a 

clear preference to anionic lipid monolayers compared to zwitterionic ones 15. 

Another group used surface pressure measurements and coarse-grained 

molecular dynamics (MD) simulations to study PAMAM interaction with 

zwitterionic lipid monolayers and showed that penetration levels increased with 

higher dendrimer generation (G3 < G5 < G7) and charged surface groups (-OH 

< -NH2)16, 17. PAMAM properties were also shown to be driving factors in the 

interaction with lipid bilayers18-20. Adsorption of cationic PAMAMs can cause 

strong perturbations of the lipid bilayer leading to dendrimer penetration and 

eventually hole formation as shown with biophysical techniques (i.e. X-ray 

scattering, atomic force microscopy (AFM), calorimetry)19, 21, 22 and in 

computational studies23-25. X-ray and neutron techniques, such as small-angle 

scattering or reflection, are increasingly used to study the effect of PAMAM on 

lipid membrane22, 26-28, as they a) are compatible with monolayer and bilayers, 

b) are able to differentiate structures at an angstrom level, and c) are sensitive 

to changes in both, surface and interface structure.  
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However, to our knowledge, neutron reflectometry was yet not used to 

evaluate the effect of half-generation PAMAMs on anionic lipid bilayers. 

Additionally, most PAMAM – membrane studies employ an overall 

physiological, neutral pH range (pH 7 – 7.4), but do not consider the impact of 

localized acidic pH values (i.e. gastric pH, lysosome pH) or the composition of 

the solution environment. For example, in cell culture experiments, methanol is 

widely accepted as a well-tolerated solubility-enhancing co-solvent with low 

cytotoxic effects29-31 but methanol concentrations as low as 0.08 % were 

reported to activate immune reaction in human T lymphocytes32. Furthermore, 

we showed previously that the solvent quality affects not only the conformation 

of PAMAM dendrimers in solution but also experimental readouts such as 

fluorescence or UV-Vis33. 

Therefore, this study uses surface pressure measurements and neutron 

reflectometry to probe the impact of the solution environment (i.e. pH, methanol 

as co-solvent) on the interaction behavior of full-generation (G5) and half-

generation (G4.5) PAMAMs with anionic phosphatidylglycerol (PG) monolayers 

and bilayers. PG is a major bacterial lipid 34, but also reflects the anionic net 

charge of any biomembrane35. 

5.2 EXPERIMENTAL 

5.2.1 Materials 

Powdered phospholipids (1,2-dipalmitoyl-sn-glycero-3-phosphocholine (h-

DPPC); 1,2-dipalmitoyl-d62-sn-glycero-3-phosphocholine (d-DPPC); 1,2-

dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (h-DPPG)) were 

purchased from Avanti Polar Lipids (USA) and used without further purification. 

Poly(amidoamine) dendrimers (PAMAM G4.5, G5) and deuterium oxide (D2O) 

were obtained from Sigma-Aldrich (UK). Solvents and salts for buffers were 

purchased from Sigma-Aldrich (UK) and Fisher Scientific (UK). Ultrapure (UHQ 

grade) water was produced in-house by an ELGA water purifier. Phosphate 

buffers (I = 0.034 M) in either UHQ grade water or D2O were used throughout. 
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For structural information on the phospholipids and dendrimers see Table 5-2 

and Figure 5-4 in the Supplementary Material section 5.61.  

5.2.2 Methodology 

5.2.2.1 Surface pressure measurements 

A Langmuir-Blodgett (LB) trough (Nima Technology Ltd, UK) equipped with 

barriers for monolayer compression was filled phosphate buffer and the DPPG 

lipid monolayers were created at the air/liquid interface. The surface pressure 

and its changes were monitored using the Wilhelmy plate method36. Once the 

surface pressure was equilibrated at the targeted initial pressure of 22 ± 1 mN 

m-1 or 32 ± 2 mN m-1, PAMAM dendrimer solution was introduced phosphate 

buffer subphase. The resulting changes in surface pressure (ΔSP) were 

recorded a function of time. All experiments were repeated at least thrice. Basic 

data analysis was done in Microsoft® Excel followed by statistical analysis (One-

way Analysis of Variance (ANOVA) and Bonferroni’s multiple comparisons test) 

in GraphPad Prim version 8.4.1.  

5.2.2.2 Solid-supported bilayer deposition for neutron reflectometry 

The asymmetric lipid bilayers were assembled onto ozone cleaned, highly 

flat, polished silicon blocks (PI-KEM, UK) utilizing a purpose-built LB trough 

equipped with a deposition arm (KSV-Nima / Biolin Scientific, Finland) 37. The 

inner leaflet of the membrane was created by Langmuir-Blodgett deposition of 

either tail-hydrogenated h-DPPC or tail-deuterated d62-DPPC onto the silicon 

surface submerged in UHQ water containing 5 mM of calcium chloride. 

Langmuir−Schaeffer deposition of h-DPPC or h-DDPG was used for the outer 

leaflet38. For each experimental condition two bilayers were produced, one with 

fully hydrogenated tails (h-block) and one with deuterated tails at the inner 

leaflet (d-block). The silicon substrates with the deposited bilayers were then 

placed in a purpose-built solid-liquid flow cells and stored under cold condition 

before use in the reflectometry experiments.  
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5.2.2.3 Neutron reflectivity measurements on solid-supported bilayers 

Reflectivity was measured on the specular, white beam INTER39 and SURF40 

reflectometers at the ISIS Neutron and Muon Spallation Source, Rutherford 

Appleton Laboratory (Oxfordshire, UK) allowing for incident wavelengths of 1 – 

16 Å and 0.5 – 7 Å respectively. The reflected intensity was recorded on INTER 

at angles of 0.7° and 2.3°; and on SURF at angles of 0.35°, 0.65° and 1.5°; with 

both reaching a momentum transfer (Qz) range of ~0.01 – 0.3 Å−1.  

The bilayer-containing solid-liquid flow cells were placed on a variable angle 

sample stage and connected to a Hitachi-Merck HPLC pump to facilitate the 

exchange of isotopic contrast solutions. Prior to neutron beam alignment, the 

cells were rinsed with pure D2O to remove residual CaCl2 solution and potential 

precipitates from the inner cell volume. 

Each lipid bilayer was characterized with three phosphate buffer solution 

contrasts (100 % D2O; silicon-matched water (SMW): 38 % D2O + 62 % H2O; 

100 % H2O) and the same solution contrasts with added PAMAM dendrimer 

(0.06 mg mL-1, 0.3 mg mL-1), resulting in six isotopic contrasts per bilayer and 

12 isotopic contrasts per experimental condition (h-block and d-block). For each 

contrast change, a total of 12 mL per contrast solution was flushed through the 

flow cell at a rate of 1.5 mL min-1, then the solution was held static in the cell for 

5 min before data collection started. Data frames for each contrast were 

collected until an equilibrium stage was achieved. 

5.2.2.4 Reflectivity data analysis  

The ISIS-own Matlab-based fitting package RasCal (version 2014 beta)41 

was used for the analysis of the neutron reflectivity results. RasCal employs an 

optical matrix formalism 42, 43 to fit layer models to the experimental reflectivity 

data and therefore provides structural insight into the surface assemblage. In 

this approach the interfacial structure is described as a series of layers between 

the silicon (Si) substrate (super phase) and the buffered water (subphase). 

Here, the layers consisted of a silicon oxide (SiO2), inner headgroups (DPPC), 

inner tails (h-tails or d62-tails), outer tails (h-tails), outer headgroups (DPPG) for 
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the lipid-only system, and an additional dendrimer layer (PAMAM G4.5 or G5) 

for the lipid-dendrimer systems. The buffered water subphase was defined 

according to the solution isotopic contrast (D2O, SMW or H2O), and the silicon 

super phase was assumed to be the same across all isotopic contrasts. 

A RasCal custom model was used to define the interfacial structure 

describing the relationships between scattering length density (SLD), layer 

thickness, layer roughness and layer hydration. Parameters such as lipid mixing 

and mixing of headgroup-dendrimer were calculated. The SLDs for the 

individual components of the layers can be found in Table 5-3 in the 

Supplementary.  

In RasCal, multiple data sets can be fitted simultaneously, and individual 

fitting parameters such as layer roughness or thickness can be fully or partially 

constrained across the data sets. Reflectivity data of all isotopic contrasts prior 

to and after PAMAM addition were fitted simultaneously, constraining substrate 

parameters (Si roughness and SiO2 layer thickness, roughness, and hydration). 

Bilayer roughness was constrained to all layers of the lipid bilayer in each 

experimental condition. Lipid tails of the d-block were used to calculate lipid 

mixing and to monitor changes after interaction with the PAMAMs, and the outer 

layers (outer headgroup, dendrimer) were fitted unconstrained to determine 

potential dendrimer interactions. 

Finally, model to data fit error estimation was achieved by applying RasCal’s 

Bayesian Error estimation routine which employs a Bayesian Markov chain 

Monte Carlo algorithm44. Parameters were estimated using 60,000 MCMC 

points, 6,000 Burn-in points and 3 repeat runs, and the best fit parameters were 

provided as distribution maxima and their 95 % confidence intervals. Total 

membrane thickness was calculated as sum of the distribution maxima of the 

layer thicknesses of inner headgroup, lipid tails and outer headgroup. 
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5.3 RESULTS AND DISCUSSION 

5.3.1 Interactions with lipid monolayers 

PAMAM G4.5 and G5 (c = 0.06 mg mL-1) were probed for their interactions 

with anionic DPPG monolayers under different pH conditions along with the 

effect of residual methanol (0.1 % vs. 0 %) in the phosphate buffer subphase. 

The initial surface pressure of the DPPG monolayer was ~ 22 ± 2 mN m-1 and 

the resulting maximum changes in surface pressure (SPmax) after dendrimer 

addition are summarized in Figure 5-1a.  

A clear pH-dependency was seen for both PAMAM G4.5 and G5, with 

highest values of SPmax observed at pH 4. Compared to pH 7, the surface 

pressure in the methanol-containing environment was nearly four times higher 

for PAMAM G4.5 and ~ 7-fold increased for PAMAM G5 respectively (for both p 

< 0.001). Penetration of PAMAM G5 into the DPPG layer produced similar 

changes in surface pressure for pH 7 and pH 10, while for G4.5 the lowest 

SPmax was observed at pH 10. 

The pH-dependency was also observed in methanol-free conditions and 

methanol was identified as contributing factor for PAMAM – membrane 

interactions. For both PAMAM G5 and G4.5 the SPmax values at pH 4 were 5 – 

8 mN m-1 lower compared to the results with residual methanol, but still 

significantly higher than pH 7 (p < 0.001). PAMAM G4.5 was unable to 

penetrate the DPPG monolayer (no changes in surface pressure) at pH 7 (p < 

0.05). 

The lateral membrane pressure in more rigid lipid bilayers of biological 

systems was reported to be ~31 – 35 mN m-1 (e.g. erythrocyte membrane)45, 

therefore we conducted a part of our study at a higher initial monolayer surface 

pressure (high IP) of ~ 32.5 ± 1.2 mN m-1. We were particularly interested in the 

membrane activity of PAMAM G5 at physiologically relevant pH 4 and pH 7 as 

G5 already showed a considerable monolayer penetration at lower initial 

surface pressure (low IP, 0.1 % methanol), and its cationic charge is generally 

associated with cytotoxic effects.  
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Figure 5-1 PAMAM G5 and G4.5 in phosphate buffer (I = 0.034 M) interacting with 
DPPG monolayers. Panel a) Effect of methanol and pH on maximum changes in surface 
pressure (SPmax). Panel b) Impact of initial pressure (IP) before PAMAM G5 introduction 
on surface pressure changes at different pH. SP30 and SP60 are surface pressure 
changes measured at 30 min and 60 min after starting the PAMAM interaction. Panel c) 
Representative excerpts of initial 30 min of surface pressure changes over time for 
PAMAM G4.5 in different buffer conditions. Panel d) Exemplary excerpts of initial 30 min 
of surface pressure changes over time for PAMAM G5 in different buffer conditions and 
varying initial surface pressure. Data in panel a) and b) shown as M ± SEM, n ≥ 3. 
Statistical Analysis performed with Anova and Bonferroni; * p ≤ 0.05; *** p ≤ 0.005; ****p 
< 0.001. (*) p = 0.0512. 

The differences in surface pressure changes after G5 addition at low IP and 

high IP are compared in Figure 5-1b. Most surface pressure changes were 

observed within the first half of the 60 min observation period, therefore values 

at half-time 30 min (SP30) and endpoint 60 min (SP60) are shown additionally to 

SPmax to give a flavor of the surface pressure behavior over time and 

representative kinetic profiles of the first 30 min are shown at Figure 5-1d 

(examples of the full 60 min profiles can be viewed in Figure 5-5 in the 

Supplementary section 5.6.2.1). A rapid increase to SPmax was seen within the 

first 5 min after PAMAM G5 addition. The interaction kinetics could be due to 

strong electrostatic attractions between the cationic PAMAM surface groups 
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and the anionic headgroups of DPPG as the number of primary amines was 

shown previously to linearly affect saturating stoichiometry and enthalpy of 

dendrimer−DMPG interactions46. Furthermore, the resulting disturbances in the 

lipid membrane could be a contributing factor for the reported antibacterial 

activity of cationic PAMAMs47, 48. 

For pH 7 the surface pressure remained at the SPmax plateau, but as 

illustrated in Figure 5-1b and 5-1d, the surface pressure at pH 4 decreased over 

time, known as relaxation, and the effect was less pronounced for high IP 

compared to low IP. The relaxation is a mechanism to deal with stress on the 

monolayers caused by the increased lateral pressure following the PAMAM 

penetration. Previous reports showed that monolayer relaxation and collapse 

mechanisms for rigid monolayers (i.e. high IP) include out-of-plane bending and 

folding, and for more fluid membranes (i.e. low IP) lipid stretching and shearing 

with material randomly leaving the surface49. The 0.1 % methanol appeared to 

aid those processes, as under methanol-free conditions no decrease in surface 

pressure was observed after PAMAM G5 addition. In fact, after the rapid initial 

increase within the first 5 min and leveling at a plateau, a further slow increase 

of surface pressure was observed until reaching a second plateau at SPmax 

values.  

Interestingly, the SPmax and SP30 values for the high IP were smaller than for 

the low IP at pH 4 compared to pH 7 where this trend was the opposite. At high 

IP, the lipid molecules had already a smaller area per molecule, which 

decreased more when the fully charged PAMAM molecules intercalated within 

the lipid layer and led to a lateral pressure increase. In fact, the total membrane 

pressure (IP + SPmax) was > 58 mN m-1. Other researchers have shown that 

above a certain pressure which is lipid-specific, the monolayer will collapse and 

could form bilayer arrangements, which indicates a high IP might be able to only 

tolerate a small increase in pressure (less PAMAM penetration). For DPPG, 

Goto and coworkers50 established a monolayer collapse pressure of 65 mN m-1, 

which is not far above our total membrane pressure values of ~ 58.8 mN m-1 for 

high IP and 54.2 mN m-1 for low IP respectively.  
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At pH 7, the surface pressure changes at low and high IP were significantly 

smaller than pH 4, as PAMAM G5 carries a lower cationic net charge leading to 

reduced electrostatic attraction to the anionic DPPG headgroups. The surface 

pressure remained stable for both conditions after reaching the plateau within 

the first 5 min, but higher values overall were observed for high IP (near 

significant for SPmax, p = 0.0512). The monolayer is more rigid at high IP, so 

even small amount of PAMAM penetration can cause higher increase in lateral 

pressure without restriction, as the total membrane pressure is far from the 

critical values seen for pH 4. However, it should be noted that surface pressure 

only indicates penetration but does not equate to surface excess of PAMAM at 

the interface where PAMAM may also be adsorbed below the lipid layer51, 52.  

Half-generation PAMAM G4.5 also interacted with DPPG monolayers in a 

pH-dependent manner with highest penetration levels at pH 4 (see Figure 5-1a), 

but the effect differed from those of full-generation PAMAM G5 in magnitude 

and interaction kinetics as illustrated in Figure 5-1 panels c and d. Overall, 

surface pressure changed at a much slower rate after addition of PAMAM G4.5 

under all conditions, and SPmax or a plateau was not achieved within the first 5 

min. In the methanol-containing buffer environment at pH 7 and pH 10, an initial 

surface pressure dip before pressure stabilization and increase was observed, 

which was not seen for pH 4. Monolayer penetration and the related surface 

pressure increase was highest at pH 4 (~ 22 mN m-1), where the tertiary amines 

in the dendrimer core were charged, and SPmax values were significantly higher 

(p < 0.001) than those of the methanol-free buffer or higher pH conditions. At 

pH 7, no surface pressure changes were observed in the absence of methanol, 

indicating weak molecular interactions with PAMAM G4.5 and the need for the 

membrane-perturbing potency of methanol to facilitate penetration into DPPG 

monolayers. The assumed methanol effect on the DPPG monolayer is 

supported by previous studies showing that methanol interacted with membrane 

lipids, partitioned into the lipid headgroup areas, increased fluidity of lipid 

bilayers and decreased interfacial tension53-55. The impacts on the integrity of 

the lipid layer could have enabled adsorbed PAMAM G4.5 molecules to 

intercalate between the membrane lipids and this process was possibly aided 
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by hydrophobic interactions with the lipid tails. Previous studies reported the 

size and conformation of PAMAM G3.5 was smaller and more compact in 

methanol than in an aqueous solution 56, 57 and this solvent quality driven effect 

could also contribute to the membrane penetration ability and penetration depth 

of half-generation PAMAMs. The observed inability to perturb the membrane 

under methanol-free conditions could be one of the reasons why anionic (half-

generation) PAMAM were shown to be significantly less cytotoxic compared to 

their anionic counterparts11, 12. 

5.3.2 Interactions with lipid bilayers – neutron reflectometry 

Whilst the monolayer experiments already provided valuable insights on the 

effect of solvent environment on the PAMAM – lipid interaction, the monolayer 

model has limited biological relevance as most natural membranes are made of 

lipid bilayers. Therefore, we decided to extend our PAMAM – lipid interactions 

studies to the more complex asymmetric bilayers and a different biophysical 

technique – neutron reflectometry (NR). The technique is interface- and 

surface-sensitive and informs on the location of different type of molecules 

relative to each other based on their distinct neutron scattering length density 

(SLD) (see Supplementary Table 5-3). We only studied the pH effect in this 

model system, as residual methanol was removed during to the PAMAM 

sample preparation to avoid undesired effects on the lipid bilayer coverage of 

the silicon substrate. 

The first step was to characterize the lipid bilayers prior to any PAMAM 

addition. We used deuterated and hydrogenated lipids and to create the 

asymmetric DPPC-DPPG lipid bilayers and three solution contrasts (D2O, 

silicon-matched water (SMW), H2O) resulting in six contrasts for each 

experimental system. The large difference in H2O and D2O SLD enabled 

contrasting of otherwise chemically indistinguishable regions within the lipid 

bilayer. The D2O contrast profile is particularly sensitive to lipid tail regions 

whereas the H2O contrast can be used to detect interactions with the lipid 

heads58. The lipid bilayers were then described with a five-layer model of the 

interface, which uses the minimum number of layers required to fit the 
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reflectivity data adequately59. The lipid bilayer thicknesses ranged from ~ 54 - 

61 Å, which agree with values for lipid bilayers at room temperature obtained by 

other researchers 28, 60-62. Some studies reported lower thickness values for 

DPPG bilayers (35 – 40 Å)63, 64, however, those values were obtained at 

temperatures > 50°C – above their transition temperature, when the lipids were 

in the fluid phase (Lα). Our studies were conducted at room temperature, when 

both DPPC and DPPG were at the more ordered gel phase (Lβ), where the lipid 

tails are more stretched and increase the overall bilayer thickness. Using the 

different SLDs of deuterated and hydrogenated tails, lipid tail mixing can be 

calculated. Increased tail mixing is a sign of lipid flip-flop between the leaflets 

and loss of asymmetry of the lipid bilayer. The asymmetry of the DPPC-DPPG 

bilayers was confirmed as less than 25 % lipid tail mixing was observed (see 

Supplementary Section 5.6.2.2., Table 5-4). For all systems, fitting of the 

individual bilayer regions returned similar hydration levels, smaller thickness 

values for the inner d-tail region compared to the outer h-tail regions, the 

smaller inner DPPC headgroups than outer DPPG headgroups. 

Next, reflectivity of the lipid bilayers was measured again in all contrast 

conditions after addition of the PAMAM dendrimer solution and data was fitted 

with the same five-layer model as before but with an added PAMAM layer as 

illustrated in Figure 5-2.  

At pH 7, PAMAM G4.5 showed a methanol-dependent penetration into the 

DPPG monolayer (see Figure 5-1), and therefore we were interested in the 

mode of bilayer interaction, if any, in a methanol-free environment. To our 

knowledge, we are the first to study half-generation PAMAM – lipid interactions 

with NR and therefore our results might shed light on the binding processes at 

the lipid interface. The fitted reflectivity profiles of all solution contrasts of the 

dDPPC:DPPG bilayer and the resulting layer SLD profiles before and after 

PAMAM G4.5 addition (c = 0.06 mg mL-1) are shown in Figure 5-2. Figure 5-2b 

illustrates the division of the bilayer into multiple layers, and that distinct 

changes in the SLDs can indicate interfacial areas potentially affected by 

PAMAM adsorption or penetration. Each layer of the model was fitted for 

hydration, layer thickness and roughness. Data for layer thickness and 
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hydration are summarized in Table 5-1, further fitted parameters can be found 

in Table 5-4 in the Supplementary.  

 

Figure 5-2 Interaction of PAMAM G4.5 with an asymmetric, deuterated bilayer 
(dDPPC-hDPPG) in phosphate buffer pH 7 (I =0.039 M). Panel a) Neutron reflectivity 
profiles and fits of the bilayer before (grey) and after PAMAM (coloured) interaction at 
0.06 mg mL-1. Averaged data points and error bars from multiple counts. Panel b) 
Scattering length density profiles derived from fits of the reflectivity profiles in different 
contrasts. In both panels, the shaded area accounts for the 95 % confidence interval of 
the data fits. 

The results show that PAMAM G4.5 adsorbed as additional layer onto the 

DPPG headgroup, but only caused small changes to lipid bilayer itself, mainly 

shown by an increased lipid mixing (also known as flip-flop) and some 

intercalation (~ 5 %) only into the DPPG headgroup layer. These low-level 

changes to the lipid bilayer align with our lipid monolayer results, where in a 

methanol-free environment PAMAM G4.5 was not able to penetrate or disrupt 

the lipid layer at pH 7. At this pH, PAMAM G4.5 is a zwitterionic molecule with a 

negative net charge, with a small percentage of charged tertiary amines in the 

dendrimer core and most carboxylate surface groups charged33. Therefore, with 

little electrostatic attraction to the anionic DPPG headgroups, intra- and inter-

dendrimer interactions or attraction to the zwitterionic DPPC headgroups might 
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explain the observed changes to the bilayer. The PAMAM layer was fitted to 

~90 % hydration indicating only ~10 % dendrimer coverage. The thickness was 

~30 Å (about the diameter of one PAMAM molecule) and the roughness of ~ 16 

Å suggested a patchy PAMAM adsorption. 

Next, we probed PAMAM – lipid bilayer interactions at solution pH 4 since 

this condition led to the highest penetration levels for both PAMAM G4.5 and 

G5 during the monolayer studies. The dendrimer concentration was fixed to 

0.06 mg mL-1 to match the previous sets of experiments. Because of the 

proximity of the PAMAMs intrinsic SLD values to the SMW SLD, the effect on 

the lipid layer is best visible in the D2O and H2O contrasts, therefore, only those 

contrasts are shown in Figure 3. 

Both dendrimer species show interactions in the reflectivity profiles (Figure 5-

3, panel a and b), and the resulting fits revealed changes in the lipid tail 

hydration levels and the adsorption of a PAMAM layer onto the DPPG 

headgroups with similar hydration (~85 %) and roughness levels. The changes 

in the NR profiles appeared to be more pronounced for PAMAM G5, but it 

needs to be considered that those changes are related to the high number of 

exchangeable hydrogens within the dendrimer. The deuterium - hydrogen 

exchange might alter the SLDs of PAMAM G5 more than G4.5 and thus 

influence the results seen for different contrast solutions significantly. The level 

of dendrimer penetration into the DPPG headgroup layer was similar for both 

PAMAM (approx. 4 – 6 %) and comparable to pH 7. However, at pH 4, the 

asymmetry of the bilayer was retained, and no lipid flip-flopping occurred. 

Changes in the tail hydration levels were about 4 %, whereby G4.5 increased 

and G5 decreased the tail hydration. The differences in the apparent hydration 

of the layers may be linked to deeper penetration levels of the dendrimers into 

the hydrophobic lipid tail region, and our model might struggle to differentiate 

between species where multiple elements are present. The reflectometry 

technique is based on atomic SLDs and is therefore not sensitive to potential 

conformational changes of the dendrimers or lateral rearrangement of the lipid 

layer that possibly contribute to the observed tail hydrations at low pH. Overall, 

the results suggest a more effective penetration into tail layers of the bilayer at 
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pH 4 compared to pH 7, in line with our findings of DPPG monolayer 

experiments.  

 

Figure 5-3 Interaction of PAMAM G4.5 and G5 with an asymmetric, deuterated 
bilayer (hDPPC-dDPPG) in deuterated and hydrogenated phosphate buffer pH 4 (I 
=0.039 M). Neutron reflectivity profiles and fits of the bilayer before (light grey) and 
after PAMAM G4.5 (dark grey, panel a) and PAMAM G5 (panel c) interaction. 
Averaged data points and error bars from the scattering counts. Scattering length 
density profiles derived from fits of the reflectivity profiles in different contrasts for 
PAMAM G4.5 (panel b) and PAMAM G5 (panel d). In all panels, the shaded area 
accounts for the 95 % confidence interval of the data fits 
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In biological systems, acidic pH is a relevant parameter not only digestive 

organs, but also for cellular organelles such as lysosomes or endosomes, and 

our results suggest that low pH might enhance molecular interactions at the lipid 

interface. Biological studies reported higher cytotoxicity for NH2-terminated 

PAMAM10, 11, that was dependent on cell line and exposure time8, 9, 11. Our 

previous study at pH 7 showed a concentration-dependent penetration behavior 

into DPPC and DPPG monolayers at concentrations up to 0.3 mg mL-115. The 

difference between surface pressure rise at 0.06 mg mL-1 and 0.3 mg mL-1 was 

~3.5 mN m-1, and the penetration levels were not proportional to the 

concentration increase and indicated a saturation of the monolayer towards the 

higher PAMAM concentrations. As we now observed significantly higher 

PAMAM – lipid interactions at biologically relevant pH 4, we decided to further 

study PAMAM G5 activity on DPPC:DPPG bilayers with an increased 

concentration of 0.3 mg mL-1.  

The reflectivity profiles and resulting fits for 0.3 mg mL-1 PAMAM G5 can be 

found in Figure 5-3 panel b and d, overlaying the results for 0.06 mg mL-1 for 

direct comparison. For both concentrations, lipid tail mixing was not affected by 

the addition of the dendrimer, however, the higher concentration led to 8-10 % 

higher tail hydration, indicating an effect of dendrimer onto the hydrophobic lipid 

tails region. The extent of dendrimer residing in the DPPG headgroup layer was 

minimal (< 0.02 %), but the adjacent PAMAM layer thickness and lipid hydration 

levels were the highest compared to any of the other systems studied. The 

overall higher hydration levels along with minimal PAMAM penetration into the 

headgroup region suggest that the dendrimers caused defects to the lipid layer, 

i.e. by pulling out individual lipid molecules from the bilayer without collapsing or 

stripping of the layer from the silicon support. A similar behavior was reported 

for full-generation PAMAMs interacting with phosphocholine bilayers and 

creating holes 19, 21, 24, and it was proposed the separated lipids form dendrimer-

lipid aggregates, so called dendrisomes, with the free dendrimer molecules. The 

PAMAM layer at 0.3 mg ml-1 concentration was ~ 32 Å (about 10 Å thicker than 

for 0.06 mg mL-1) with high hydration levels > 90 %, which also supports a 

clustered, patchy adsorption of the dendrimers. In general, the higher G5 
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concentration introduced more pronounced disturbances to the lipid bilayer 

system but did not completely disrupt the bilayer’s integrity. Considering the 5-

fold concentration increase compared to 0.06 mg mL-1, the changes overall 

were smaller than anticipated. 

Table 5-1 Comparison of major fitting parameters in different PAMAM-lipid bilayer 
systems. Values in brackets reflect 95 % Confidence interval. 

 

a CI = 95 % Confidence Interval, provided by Bayesian Error Analysis 
b Values represent the sum of the fitted parameters 
 

5.4 CONCLUSIONS 

We aimed to explore how experimental parameters such as solution pH and 

methanol content affect the interactions between lipid model membranes and 

amine-terminated PAMAM G5 as well as carboxylate-terminated G4.5 

dendrimers using surface pressure measurements and neutron reflectometry. 

Understanding the implications of these parameters is important as they often 

form part in sample preparation and experimental set-up of biomedical PAMAM 

studies but also have a biological relevance in terms of variations in organ and 

cell organelles’ pH. 

Layer 
G4.5, pH 7,  
0.06 mg mL-1 

G4.5, pH 4,  
0.06 mg mL-1 

G5, pH 4,  
0.06 mg mL-1 

G5, pH 4,  
0.3 mg mL-1 

Layer Thickness / Å 

DPPC Headgroup  8.12 (7.05, 10.08) 11.50 (10.48, 12.48) 8.86 (7.42, 10.80) 

Inner h-Tails  14.41 (13.93, 14.88) 16.41 (15.90, 16.86) 12.64 (12.08, 13.37) 

Outer d-Tails  19.78 (19.26, 20.00) 19.75 (19.23, 19.99) 19.64 (18.84, 19.99) 

DPPG Headgroup  11.45 (10.77, 12.15) 13.57 (12.92, 14.23) 16.09 (14.29, 17.95) 

PAMAM Layer 29.52 (20.51, 37.05) 13.02 (3.10, 20.04) 21.53 (4.94, 32.64) 32.62 (14.34, 43.87) 

Lipid Bilayerb 53.76 61.23 57.23 

Lipid Bilayer + 
PAMAMb 

83.28 74.25 78.76 89.85 

Layer Hydration / % 

DPPC Headgroup  31.53 (27.92, 35.07) 38.27 (35.44, 40.96) 37.92 (30.16, 46.44) 

Pre-PAMAM Tails  0.80 (0.04, 2.04) 0.33 (0.01, 0.98) 5.43 (2.12, 8.87) 

DPPG Headgroup  35.88 (35.02, 38.18) 36.33 (35.05, 39.02) 44.20 (35.94, 52.01) 

PAMAM Layer  89.81 (86.36, 92.61) 85.21 (70.36, 92.31) 87.33 (71.99, 93.72) 91.82 (85.58, 95.08) 

Post-PAMAM Tails  1.83 (0.32, 3.49) 4.22 (2.95, 5.55) 2.64 (0.14, 6.19) 13.24 (9.77, 16.69) 
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Our findings show that the half-generation and full-generation PAMAM 

interacted differently with the model membranes. Generally, PAMAM G5 

showed faster and higher penetration into the DPPG monolayers than PAMAM 

G4.5. Both PAMAMs induced changes to the DPPC-DPPG lipid bilayer system, 

but differences in the interaction were less pronounced than for the monolayer 

system. The PAMAM dendrimers caused charge- and concentration - 

dependent changes to lipid hydration levels, showed only minor headgroup 

layer penetration and adsorbed in clusters onto the DPPG headgroup.  

Changing the solution pH from pH 7 to pH 4, led to a nearly 6-fold increase in 

surface pressure change for PAMAM G5 and ~ 3.5-fold increase for G4.5 

implying increased penetration rates into the monolayers, potentially driven by 

electrostatic attraction of charged amines to the anionic DPPG headgroups. An 

increased interaction was also observed for the lipid bilayers, but not as 

distinctive as seen for the less rigid monolayers. 

Presence of 0.1 % methanol in the system resulted in significantly higher 

PAMAM penetration levels into lipid monolayers, and this could be attributed to 

the membrane-perturbating effect of methanol aiding the dendrimer interaction. 

This was further supported by the inability of PAMAM G4.5 to induce surface 

pressure changes at pH 7 under methanol-free conditions. Additionally, the 

initial lateral pressure of the lipid monolayer prior to PAMAM G5 addition was 

also modulating the interaction intensity.  
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5.6 SUPPLEMENTARY 

5.6.1 Supplementary materials 

Structural information on the lipids and PAMAM dendrimers used in this 

study can be found in Table 5-2 and Figure 5-4 below. 

Table 5-2 Summary of Avanti Phospholipids used in this study and their properties 
as provided by the manufacturer. 
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Figure 5-4 PAMAM dendrimer characteristics. a) Schematic representation of regular branching of PAMAM dendrimers. Number of surface 
groups/branches (Z) in each generation (G) can be calculated as follows: Z = 4 x 2G. b) Summary of key parameters of PAMAM dendrimers used 
in this study, chemical formula and molecular weight as provided by manufacturer. 
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5.6.2 Supplementary results 

5.6.2.1 Monolayer experiments – surface pressure measurements. 

Examples of the interaction kinetics of PAMAM dendrimers with DPPG 

monolayers are shown for the full length of the 60 min observation period in 

Figure 5-5. 

 

Figure 5-5 Representative profiles of 60 min of surface pressure changes over time 
under different experimental conditions for interactions of a) PAMAM G4.5 and b) 
PAMAM G5 with DPPG monolayers. IP stands for initial pressure and reflects the lipid 
monolayer surface pressure prior to PAMAM addition. 

5.6.2.2 Bilayer experiments – neutron reflectometry 

Neutron scattering length densities ρ (SLD) were calculated for the individual 

components of the layers based on atomic neutron scattering lengths and cross 

sections published by Sears in 19921. The SLDs were used to fit neutron 

reflectometry data to obtain layer hydration levels, thickness and roughness and 

are shown in Table 5-3. SMW stands for the silicon-matched water contrast. 

Whilst the most important fitting results are already summarized in Table 5-1 

of the main manuscript, detailed fitted parameters are compiled in Table 5-4 

below.  
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Table 5-3 Neutron scattering length densities (ρ) of the components used to 
construct the layers for fitting the reflectivity data. 

Component  (ρ) / x 10-6 Å-2 

Silicon Oxide 3.41 

DPPC headgroup 1.98 

d-DPPC tail 7.45 

h-DPPC tail -0.37 

h-DPPG tail -0.37 

DPPG headgroup in H2O 2.20 

DPPG headgroup in D2O 2.54 

DPPG headgroup in SMW 2.33 

PAMAM G5 in H2O 1.29 

PAMAM G5 in D2O 3.13 

PAMAM G5 in SMW 1.99 

PAMAM G4.5 in H2O 3.12 

PAMAM G4.5 in D2O 3.51 

PAMAM G4.5 in SMW 3.26 

H2O -0.56 

D2O 6.35 

SMW 2.07 
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Table 5-4 Parameters derived from fitting incl. Bayesian error analysis. Values in 
brackets represent the 95 % confidence intervals. 

 

5.6.3 References supplementary 

1. Sears, V. F., Neutron scattering lengths and cross sections. Neutron News 
1992, 3 (3), 26-37. 

 

Parameter G4.5, pH 7, 0.06 mg mL-1 G4.5, pH 4, 0.06 mg mL-1 G5, pH 4, 0.06 mg mL-1 G5, pH 4, 0.3 mg mL-1 

Substrate 
Roughness (Å) 

  5.0487 (3.6579, 6.2461) 3.3976 (3.0132, 4.2146)  5.1168 (3.2961, 7.2116) 

Silicon Oxide 
Thickness (Å) 

15.049 (13.199, 16.505) 14.338 (13.218, 15.598)  18.136 (15.422, 19.897) 

Silicon Oxide 
Roughness (Å) 

3.0911 (1.0966, 5.7346) 2.5634 (1.0576, 5.3799)  3.5829 (1.1368, 5.879) 

Silicon Oxide 
Hydration (%) 

14.904 (11.2, 17.963) 15.803 (12.818, 18.51)  3.3053 (0.25811, 6.7506) 

DPPC Headgroup 
Thickness (Å) 

8.1217 (7.0481, 10.079) 11.499 (10.48, 12.484)  8.8637 (7.4222, 10.798) 

DPPC Headgroup 
Hydration (%) 

31.533 (27.924, 35.069) 38.273 (35.437, 40.962)  37.917 (30.158, 46.439) 

Bilayer  
Roughness (Å) 

3.1289 (2.3892, 3.867) 2.6474 (2.0423, 3.4309)  6.3493 (5.6527, 7.0377) 

Inner h-Tails 
Thickness (Å)  

14.412 (13.925, 14.883) 16.412 (15.895, 16.861)  12.638 (12.083, 13.368) 

Outer d-Tails 
Thickness (Å)  

19.778 (19.256, 19.995) 19.751 (19.226, 19.991) 19.643 (18.839, 19.989) 

Pre-PAMAM Tails 
Hydration (%) 

0.79636 (0.042279, 
2.0444) 

0.32526 (0.010831, 
0.98005) 

5.4264 (2.1238, 8.8708) 

Pre-PAMAM Tails 
Mix (%) 

90.941 (89.131, 92.908) 77.596 (76.463, 78.914)  96.618 (93.972, 98.981) 

DPPG Headgroup 
Thickness (Å) 

11.451 (10.769, 12.145) 13.571 (12.919, 14.225)  16.086 (14.286, 17.949) 

DPPG Headgroup 
Hydration (%) 

35.877 (35.024, 38.175) 36.33 (35.05, 39.016)  44.197 (35.943, 52.006) 

PAMAM in 
Headgroup (%) 

4.817 (2.2449, 7.557) 4.0302 (1.0053, 8.2602)  6.1223 (1.7033, 11.244) 
0.018984 (2.3333e-04, 
0.13557)  

PAMAM Layer 
Thickness (Å) 

29.519 (20.512, 37.054) 13.017 (3.1006, 20.044)  21.527 (4.9422, 32.64) 32.616 (14.335, 43.874)  

PAMAM Layer 
Hydration (%) 

89.805 (86.361, 92.612) 85.213 (70.364, 92.309)  87.33 (71.985, 93.721) 91.821 (85.579, 95.084)  

PAMAM Layer 
Roughness (Å) 

16.433 (10.45, 19.833) 6.7708 (0.56098, 13.436)  8.7421 (0.57931, 18.604) 12.359 (1.3171, 19.676)  

Post-PAMAM Tails 
Hydration (%) 

1.8294 (0.32362, 3.4912) 4.2235 (2.9496, 5.5467)  2.6385 (0.14351, 6.191) 13.237 (9.7726, 16.692 

Post-PAMAM Tails 
Mix (%) 

85.387 (83.771, 87.202) 77.785 (76.593, 79.164)  97.246 (94.658, 99.476) 98.656 (96.101, 99.95) 
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CHAPTER 6: PAMAM DENDRIMERS AFFECT 

GRAM-POSITIVE  BACTERIAL GROWTH 

 

This last experimental chapter translates the findings from the previous 

biophysical studies into a biological membrane model. Bacteria are known for 

the high content of anionic lipids, especially PG, and are therefore an ideal 

model to probe PAMAM dendrimer effect on membrane lipids in a more 

physiological environment. Whilst the initial screening was performed with 

PAMAM dendrimers of different sizes, the more in-depth study concentrates on 

the medium-generation PAMAM G4.5 and G5 which allows direct comparisons 

to the previous biophysical studies. 

The chapter is written in manuscript style for journal submission to match 

previous chapters. 

The estimated contribution of the candidate to the work of this chapter is 95 %. 
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ABSTRACT  

PAMAM dendrimers were developed as carrier molecules for a wide range of 

therapeutic applications and were also trialed as adjuvants for antimicrobial agents. 

Following reports of activity and toxicity of the dendrimers on their own, this study 

aims to explore effects of full-generation and half-generation PAMAM on variety of 

bacterial strains, including clinically relevant ones to better understand the 

mechanism of action for the membrane toxicity. 

We screened four different PAMAM (G5, G4.5, G3, G2.5) on 10 gram-negative 

and 8 gram-positive bacterial strains and found an increased activity against all 

gram-positive strains whereas only 50 % of the gram-negative strains responded to 

PAMA treatment. Following this broad screening, we selected PAMAM G5 and G4.5 

to investigate active concentrations against selected, clinically relevant strains. 

S. saprophyticus was most susceptible to PAMAM G5 with a MIC of 1 µg mL-1 and 

for PAMAM G4.5 with an MIC of 10 µg mL-1. MICs for PAMAM G5 were also 

determined for S. aureus, E. coli and P. aeruginosa. Furthermore, P. aeruginosa was 

most affected during the exponential growth phase, and a concentration-dependent 

decrease in bacterial generation times was observed.  

In general, full-generation PAMAM showed a stronger antibacterial effect than 

half-generation PAMAM which can likely be attributed to the high cationic surface 

charge at pH 7 and therefore strong electrostatic interactions with anionic lipids in 

the bacterial membrane(s). Gram-positive strains were more susceptible to PAMAM 

treatment than gram-negative ones which could be explained be due to the higher 

proportion of anionic lipids (PG, CL) in gram-positive membranes. 
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6.1 INTRODUCTION 

Dendrimers, a class of hyperbranched polymeric molecules, were developed for 

biomedical applications to improve solubility as well as targeted delivery of a wide 

range of pharmaceutical products. Poly (amidoamine) (PAMAM) dendrimers are a 

type of dendrimers which were first described by Tomalia and co-workers in the 

1980s1. The number of terminal surface groups increases exponentially with the 

generation number and can be functionalised to adjust solubility, miscibility and 

reactivity2. Since then, PAMAM-type dendrimers have been widely researched and 

modified, and potential applications and functionalities reviewed a number of times 

(see for instance Shadrack et al 20183, Kharwade et al 20204, Dias et al 20205). 

More recently, PAMAM dendrimers were trialled for antimicrobial applications, 

either as carriers or conjugates for antibacterial6, 7 or antifungal drugs8, or modified 

as scaffolds for new PAMAM-derived active molecules9, 10. However, very few 

studies focused on the membrane-active effects of native PAMAM dendrimers 

themselves11. A comprehensive overview on antibacterial studies involving PAMAM 

and PAMAM-derivatives is provided in Table 6-1. 

Whilst many of the studies show the antibacterial activity, the underlying 

mechanism is researched to a lesser extent. We propose that the antibacterial effect 

is somewhat related to the composition of bacterial membrane lipids and the ability 

of PAMAM dendrimers to interact with those. We demonstrated in our previous 

biophysical studies on membrane models12, that medium-generation PAMAM G5 

and G4.5 preferentially bind to anionic phosphatidylglycerols (PG) lipids, in which 

bacterial membranes13 especially those of gram positive bacteria14 are particularly 

enriched. Full-generation dendrimers with high numbers of cationic surface groups 

(high positive charge density) are known to interact strongly with anionic PG 

affecting membrane permeability and stability15 and even can cause hole formation 

and disruption of neutral zwitterionic membranes16, 17. 

Therefore, the overarching aim of this study is twofold: (a) establish to the 

potential antibacterial activity of native PAMAM dendrimers; and (b) investigate if our 

previous observations in model membranes explain any differences in antimicrobial 

behavior observed. Here, we chose to explore the activity of two half-generation 
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(G2.5, G4.5) and two full-generation (G3, G5) PAMAM of different size on a range of 

gram-positive and gram-negative bacteria. We also studied the effect of dendrimer 

concentration on selected bacteria stains using bacterial growth curves (turbidity 

measurements) and bacterial survival after PAMAM exposure. 
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Table 6-1 PAMAM-based systems in antibacterial research, mostly with amine-terminated PAMAM (exceptions are outlined in the 
footnotes). Bacteria used in this work are highlighted in grey.  

  PAMAM 

Bacteria Strain G1 G2 G3 G4 G5 G6 G7 G8 undefined 

 Gram-negative 

Acinetobacter 
baumannii 

Clinical 

ATCC BAA-1605 

ATCC 17957 

LMG 1025 

MDR 

 
18 

 

 
11 

 

 

 
8 

11 

 

 

 
8 

11,19 

 

 

 

 
11 

 20 

 

20 

21 

 

21 

  

Acinetobacter 
johnsonii 

Undefined         22-24 

Aggregatibacter 
actionmyce-
temcomitans 

ATCC 43717 

Undefined 

25   
26 

      
26 

Escherichia coli Clinical      20 21   

3215     12     

7835     12     

ABU 83972     12-14     

ATCC 8739   30       

ATCC 11230         31 

ATCC 11775    32     33 

ATCC 25922 11,18,34 8,11 8,11,19,35 11,36,37  20 21   

ATCC 35218 (ESBL) 11 11 11,19 11      

K-12 MG1655 11 11 11,19 11    38  

K-12 mutant LPS+        38  

XJ74283 + MDR 11 11 11,19 11      
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XL-1     39     

EHECO157:H17 11 11 11,19 11      

Undefined 10 10,40,41 6,42,43 7,9,41,44,45 44    22,23,46-49 

Enterobacter 
(klebsiella) 
aerogenes 

ATCC 13048         31 

Enterobacter 
cloacae 

ATCC 700323  8 8       

Klebsiella 
oxytoca 

undefined  41 43 41      

Klebsiella 
pneumoniae 

Clinical      20 21   

ATCC BAA-1706 18         

ATCC BAA-1705b      20 21   

ATCC 13883 11,18 11 11,19 11      

ATCC 700603  8 8       

ESBL-KP XJ752970 11 11 11,19 11      

UC57         31 

Porphyromonas 
gingivalis 

A7436 

Undefined 

10   
11 

      

26 

Proteus mirabilis Clinical 

ATCC 29906 

     20 

20 

21 

21 

  

Proteus vulgaris ATCC 8427         31 

Pseudomonas 
aeruginosa 

Clinical     50 20 21   

ATCC BAA-1744 18         

ATCC 9027   30       

ATCC 19143 51 51 51 51      

ATCC 19660   52  50,52     
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ATCC 27853 11,18,34 8,11 8,11,19 11,36  20 21  31 

PA01    37,53 54     

PA (2219) Clinic     52     

Undefined 55,56  55,56 9,44 44    22,24 

Salmonella 
enterica 
(paratyphi) 

ATCC 9150 11 11 11,19 11      

Salmonella 
enterica 
(typhimurium) 

Clinical 

ATCC 19430 

ATCC 14028 

MDR 

 

 

 

11 

 

 

 

11 

 

 

19,57 

11,19 

 

 

 

11 

 

 

57 

20 

20 

   

Salmonella 
enterica (typhi) 

ATCC 19430      20    

Shigella 
dysenteriae 

 

Clinical 

ATCC 13313 

Undefined 

   

 
43 

  20 

20 

21 

21 

  

Shigella flexneri MDR 11 11 11,19 11      

 Gram-positive 

Actinomyces 
viscosus 

Undefined   26      26 

Bacillus cereus ATCC 7064         31 

ATCC 11778    37      

Undefined         22-24 

Bacillus subtilis Clinical 

ATCC 6633 

ATCC 23857 

 

34 

  

30 

  20 

 

20 

21 

 

21 

  

Undefined  41 43 41     22-24 
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Enterococcus 
(streptococcus) 
faecalis 

 

Clinical 

210 

ATCC 29212 

Undefined  

 8 

 

8 

8 

 

8 

43 

 

 

36 

 

27,29 

    

Lactococcus 
lactis 

MG1363 

Mutant VES5748 

       38 

38 

 

Listeria 
monocytogenes 

ATCC 15313         31 

Mycobacterium 
smegmatis 

CCM 2067         31 

Sarcina lutea Undefined         22 

Staphylococcus 
aureus 

Clinical  8 8   20 21   

ATCC 4012     58     

ATCC 6538P   59,60      31 

ATCC 25923  61 61 36,61  20 21   

ATCC 29213 11,51 8,11,51 8,11,35,51,52 11,51,36,37      

ATCC 33807 34         

ATCC 700699 (Mu50) 11 11 11 11 50,54     

DSMZ 3463   30       

MRSA ATCC 33591 51 51 51 51      

MRSA ATCC 43300   30       

MRSA ATCC BAA-1683  61 61 61      

MRSA WHO-2 11 11 11 11      

MRSA XJ75302 11 11 11 11      

Undefined 18,56 40,41 42,43 9,41,44,45,56 44    47 

Staphylococcus 
epidermis 

ATCC 12228 

ATCC 14990 

 

11 

 

11 

 

11 

36 

11 
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Streptococcus 
gordonii 

DL1   62  63     

Streptococcus 
oralis 

ATCC 35037    37      

Streptococcus 
mutans 

ATCC 25175 

UA159 

Undefined 

25,64   

62 

26 

      

 

26 

Streptococcus 
sanguinis 

ATCC 49297 

SK1 

25   

62 

      

           

Surface groups other than -NH2 only: [8] -NH2, -OH; [30] dendritic hyperbranched PAMAM -ester, -amine; [31] -NH2, -COOH; [32] -NH2, -OH, -
COOH (G3.5); [36] -NH2 + -COOH (G4.5) reactant mixture; [38] -COOH; [44] -COOH (G4.5), -TRIS (G4); [47] -COOH (G–0.5, G0.5); [58] -
COOH (G3.5); [62] -NH2, -COOH;  
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6.2 EXPERIMENTAL 

6.2.1 Materials 

PAMAM dendrimers G2.5, G3, G4.5 and G5 in methanol solution, DMSO and 

methanol were sourced from Sigma Aldrich. Brain Heart Infusion (BHI) broth 

and agar plates were obtained from VWR International Ltd. Luria Bertani (LB) 

agar and broth and phosphate-buffered saline (PBS) pH 7.4 were provided in-

house. 

Bacterial strains used in this study are listed in Table 6-2 and were cultured 

in Luria Bertani65 broth, except for S. pyogenes that required culture in heart-

brain infusion broth. 

6.2.2 Methods 

PAMAM films were created by removing the methanol solvent under vacuum 

and rehydrated in growth broth for sample stock solutions (10 mg mL-1). Final 

sample solutions were adjusted to contain 1 % methanol.   

Stock cultures of the bacterial strains were kept at -80 °C in 7 % (v/v) DMSO. 

Prior to experiments the cultures were streaked onto Luria-Bertani Agar (LA) 

plates and incubated for a minimum of 18 h at 37 °C, except for the Bacillus 

species and Arthrobacter which were cultured at 27 °C. From these LA plates, 

cells from a single colony were then transferred into 5 mL Luria Bertani (LB) 

broth and grown overnight in a shaking incubator (150 rpm) at the respective 

culture temperature. 

PAMAMs (1 mg mL-1) with 1 % methanol as co-solvent were screened for 

their antimicrobial activity against all bacterial strains listed in Table 6-2.  

PAMAM G5 and G4.5 were assessed via a ten-fold dilution series (0.1, 0.01, 

0.001 mg mL-1) for their minimum inhibitory concentration (MIC) on selected 

bacterial strains (highlighted in Table 6-2). 
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Table 6-2 Overview of bacterial strains screened in this work. Highlighted strains 
were further studied for the effect of PAMAM concentration on bacterial survival. 

Bacterial strain Abbreviation Incubation 
T / °C 

Gram-Stain Occurrence / 
General 
environment 

Arthrobacter sp. JS443 
NCBI:txid416011 

JS443 27 Positive Soil,  

Bacillus Cereus isolate B. cereus 27 Positive Soil, food 

Bacillus Simplex 
isolate 

B. simplex 27 Positive Soil, fungi 

Bacillus Subtilis isolate 
QST713 

B. subtilis 27 Positive Soil, GIT of 
ruminants and 
humans 

Escherichia coli 
ATCC® 25922™ 

E. coli 25922 37 Negative GIT, food 
pathogen 

Escherichia coli 
EDL933 (O157:H7) / 
ATCC® 43895™ 

E. coli EDL933 37 Negative Food pathogen 

Escherichia coli K12  E. coli K12 37 Negative GIT 

Escherichia coli OP50 E. coli OP50 37 Negative GIT 

Klebsiella aerogenes 
isolate 

K. aerogenes 37 Negative Nosocomial, 
opportunistic 
pathogen 

Klebsiella pneumoniae 
subsp. Pneumoniae 
ATCC® 13883™ 

K. pneumonia 37 Negative Nosocomial 
pathogen 

Pseudomonas 
aeruginosa ATCC® 
10145™ 

P. aeruginosa 
10145 

37 Negative Nosocomial, 
opportunistic 
pathogen 

Pseudomonas 
aeruginosa GH12 

P. aeruginosa 
GH12 

37 Negative Nosocomial, 
opportunistic 
pathogen 

Salmonella enterica 
serovar Gallinarum 
isolate 

S. gallinarum 37 Negative Poultry pathogen 
(host-specific) 

Salmonella enterica 
serovar Typhimurium 
ST1 

S. typhimurium 37 Negative Food pathogen 

Staphylococcus 
aureus subsp. Aureus 
ATCC® 12600™ 

S. aureus 12600 37 Positive Respiratory 
pathogen 

Staphylococcus 
aureus subsp. Aureus 
SH1000 

S. aureus 
SH1000 

37 Positive Respiratory 
pathogen 

Staphylococcus 
saprophyticus subsp. 
Saprophyticus ATCC® 
15305™ 

S. Saprophyticus 
15305 

37 positive Uropathogen 

Streptococcus 
pyogenes 

S. pyogenes 37 Positive Unspecific, human 
pathogen 

GIT: Gastrointestinal tract 
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For the screening of PAMAMs’ effect on bacterial growth, a clear 96-well 

plate was prepared with 1 mg mL-1 PAMAM (G2.5, G3, G4.5, G5) LB solution 

(198 µl per well) before 2 µl of the overnight bacterial culture was added to each 

well with LB alone as a negative control. In a temperature-controlled microplate 

reader (Tecan Spark), the 96-well plate was agitated for 10 s before the 

absorbance reading (optical density; OD) at 595 nm. Absorbance was 

measured every 15 min over 20 h.  

For the bacterial survival assay, a 96-well plate was prepared with 198 µl 

PAMAM-LB solution per well (0.1, 0.01 and 0.001 mg mL-1) and 2 µl of the 

bacterial culture was transferred into each well. Negative controls were the 

bacterial strains in pure LB medium and in LB with 1 % methanol co-solvent. 

Absorbance readings (after 10 s plate agitation) were taken at 595 nm every 15 

min over a period of 20 h using a temperature-controlled Tecan plate reader. At 

20 h post-incubation, 20 µl from each well was taken and serially diluted in PBS. 

Aliquots of 10 µl were pipetted onto LA plates and incubated for 18 – 24 h 

before enumeration of bacterial colony forming units (CFUs). 

Data analysis was done using Microsoft Excel (Office 365). Experiments with 

full-generation PAMAM were repeated at least three times, half-generation 

PAMAM results derive from a minimum of two valid repeats. Statistical analysis 

was omitted due to incomplete datasets. 

Bacterial colony forming units in the original cultures were calculated using 

the following equation: 

𝐶𝐹𝑈 = (𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟) ÷ 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎𝑙𝑖𝑞𝑢𝑜𝑡 (𝑚𝑙) 

The exponent (growth rate k) of the equation derived from an exponential fit 

to the bacterial growth curve was used to calculate bacterial generation time g 

𝑔 =
𝑙𝑛2

𝑘
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6.3 RESULTS AND DISCUSSION 

6.3.1 Screening of bacterial strains 

Two full-generation (G3, G5) and two half-generation (G2.5, G4.5) PAMAM 

were screened for their antibacterial activity on 18 bacterial strains. Absorbance 

readings (OD) at 20 h of incubation with 1 mg mL-1 dendrimer solutions were 

normalized against the controls in Luria-Bertani broth and are summarized in a 

heatmap (Table 6-3). Generally, the antibacterial activity was stronger for the 

full-generation PAMAM than for the half-generation PAMAM, and growth of 

gram-positive bacterial strains was more affected than gram-negative strains. 

For instance, the absorbance of all gram-positive strains was reduced to 70 % 

or less after the exposure to full-generation PAMAMs, and for five of the 8 

strains exposed to G5 the absorbance was < 25 % of that of the control. In 

comparison, only half of the gram-negative strains were affected by the PAMAM 

G5 treatment, and the absorbance was reduced to < 70 % for only two strains 

(E. coli 25922, P. aeruginosa 10145). Exposure to half-generation PAMAMs 

resulted in only minor reduction (up to 20 %) of the absorbance, except for S. 

aureus 12600 the absorbance was reduced to 50 – 60 % of the control. 

Interestingly, for Klebsiella aerogenes and Salmonella gallinarum, all PAMAM 

dendrimers appeared to have a growth-promoting effect over the incubation 

period monitored. Thus far, there are no literature reports for antibacterial 

PAMAM activity against those strains available for direct comparison. However, 

studies on the related Klebsiella pneumonia found significant growth inhibition 

for low generation PAMAMs (up to G4) at concentrations ranging from 6.25 – 

125 µg mL-1 11,19 and 20 mg mL-1 for PAMAM G557. They also screened 

Salmonella parathyphi, for which PAMAM concentrations ≤ 50 µg mL-1 were 

sufficient to induce an inhibitory effect 11,19. However, the results reported for 

Salmonella typhimurium are inconclusive, with one group reporting MICs from 

12.5 – 125 µg mL-1 for PAMAMs up to G411,19,66, but another group obtaining 

inhibitory results for G3 and G5 only for high concentrations (20 mg mL-1))58.  
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As there was no distinct difference in the observed results between the low-

generation (G2.5, G3) and medium-generation (G4.5, G5) PAMAM, the 

medium-generation PAMAMs were chosen for further studies on selected 

strains. 

Table 6-3 Antibacterial activity after 20 h incubation with 1 mg mL-1 PAMAM 
dendrimer solution based on turbidity (OD595). 

 

6.3.2 Effect of PAMAM G5 on bacterial generation time 

Generation time, also known as doubling time, is the time required for the 

binary fission of the bacterium and is usually determined during the log phase, 

where the bacterial culture grows at a constant and exponential rate. Overall, 

the antibacterial effects observed in this study were most pronounced for 

PAMAM G5, therefore only strains treated with the full-generation dendrimer 

were analyzed for their generation time.  

The growth curves of all bacterial strains, except P. aeruginosa ATCC 10145, 

showed a lag phase, one constant log phase and a stationary phase. Bacterial 

generation times derived from an exponential fit of log phase are summarized in 

Table 6-4. S. saprophyticus growth was significantly slowed down by PAMAM 

G5 treatment, and a clear concentration-dependence was shown with doubling 

up of the generation time values at the highest PAMAM concentration 

compared to the control (168.2 min for 0.1 mg mL-1, 83.7 min for control). In 
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general, the generation times observed in this study were in line with the range 

of values reported in literature for untreated bacteria67, and for most strains 

there was no or only a mild PAMAM effect. 

Table 6-4 Bacterial generation time for selected gram-positive and gram-negative 
bacterial strains affected by incubation with various concentrations of PAMAM G5. 

 

Analysis of the growth curves of P. aeruginosa revealed a multi-step log 

phase (shown in Figure 6-1a), which is similar to reports on other untreated 

Pseudomonas spp.68,69. Therefore, the log phase was divided in multiple 

sections, for which the individual generation time was determined. Increasing 

concentrations of PAMAM G5 resulted in faster generation times and at the 

highest concentration of 0.1 mg mL-1 four different log growth sections could be 

identified and analyzed. The multiple steps suggest an adaptation mechanism 

to the surrounding conditions, i.e. availability of nutrients. The slower growth 

rates (sections II and IV) could indicate increased cell death, followed by 

autolysis and release of fresh nutrients which then triggered the following faster 

growth rate.  

P. aeruginosa was also the only strain, for which a decline phase (starting 

after the peak in turbidity) was observed. The decline phase suggests cell 

death, which could be due to exhaustion of nutrients but also accumulation of 

toxic products potentially caused through the initially enhanced growth rate. 

Bacterial Generation Time (min) 

              PAMAM G5 

Strain 

0.1 mg mL-1 0.01 mg mL-1 0.001 mg mL-1 0 mg mL-1 

(1 % MeOH) 

S. aureus 

SH1000 
50.7 43.8 50.4 48.1 

S. aureus 

ATCC 12600 
48.8 43.7 44.3 43.1 

S. saprophyticus 

ATCC 15305 
168.2 140.3 71.5 83.7 

E. coli 

ATCC 25922 
26.4 29.4 32.4 31.2 

K. pneumonia 

ATCC 13883 
25.4 23.6 26.5 26.1 
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Figure 6-1 Effect of PAMAM G5 on the growth profile and generation time of P. 
aeruginosa ATCC 10145. Bacterial solutions were incubated for 20 h with PAMAM G5 
and turbidity (optical density, OD) was measured every 15 min. The resulting growth 
profiles (panel a) were analyzed with an exponential fit which was used to calculate the 
generation times in panel b. As shown in panel a, the multiple phases for each growth 
curve were analyzed individually in segments and over the whole period of 255 min (I-
III(IV)). 

6.3.3 PAMAM effect on turbidity and bacterial survival 

As shown in Table 6-3, the antibacterial effect was most pronounced for 

gram-positive strains. From the strains screened, the Staphylococci were the 

most clinically relevant ones and were therefore selected for PAMAM G5 and 

G4.5 MIC determination. Bacterial growth kinetics (absorbance) under PAMAM 

incubation was monitored in 15 min intervals over a period of 20 h. The OD595 

values at 20 h were normalized against the LB control which contained 1 % 

methanol as a co-solvent to account for the residual methanol in the diluted 

PAMAM samples. Where inhibition was observed in the complete growth kinetic 

profiles, the bacterial solution was diluted and plated onto solid media for 

enumeration of colony forming units. The CFUs were used to evaluate how 

many bacteria remained viable following PAMAM incubation, as the OD 

measurement cannot quantify dead (intact) and alive bacteria. 

6.3.3.1 Gram-positive strains 

The concentration effect of PAMAM G4.5 and G5 on the absorbance of 

gram-positive Staphylococcus strains is summarized in Figure 6-2. For the full-

generation PAMAM, the most susceptible strain was S. saprophyticus. The 

inhibitory effect of G5 was shown for a concentration as low as 10 µg mL-1 , 
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which is comparable to the MIC50 of Norfloxacin (4 µg mL-1), a fluoroquinolone 

antibiotic tested on S. saprophyticus biofilms70. The least effect was observed 

for S. aureus ATCC 12600.  Overall, G4.5 had less pronounced effects on 

bacterial absorbance compared to PAMAM G5, but still showed some inhibitory 

effects on S. aureus SH1000.  

 

Figure 6-2 Concentration effect of full-generation PAMAM G5 and half-generation 
PAMAM G4.5 on gram-positive Staphylococcus strains after 20 h of incubation. Data 
derive from the OD values at timepoint 20 h and are normalized to the LB control with 1 
% methanol as co-solvent. Values shown reflect mean ± standard error of the mean 
(SEM). 

For S. saprophyticus the results are summarized in Fig. 6-3 with panel a) 

showing the absolute numbers of colony forming units (CFU) per mL and panel 

b) the normalized % CFU to the PAMAM-free control. At the highest 

concentration tested (0.1 mg mL-1), exposure to PAMAM G5 resulted in a 

reduction of 3 log10 (1010 to 107) in CFU. A decrease in this range can be 

considered a significant bactericidal effect71. However, even the lowest 

concentrations led to a decrease of the CFU mL-1 which matches the trend 

observed for the turbidity. The MIC50 for PAMAM G5 was determined to be < 

0.01 mg mL-1 and the minimum bactericidal concentration (MBC) 0.1 mg mL-1. 

Whilst the impact on the growth kinetics (turbidity) was less pronounced for 

PAMAM G4.5, CFU counts revealed a significant effect of PAMAM G4.5 at a 

concentration of 0.01 mg mL-1, which related to a decrease of ~30 % in relation 

to the LB control (1 % MeOH). Interestingly, the higher concentration of 0.1 mg 

mL-1 appeared to have no inhibitory effect.  
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S. aureus SH1000 was little affected by PAMAM treatment besides showing 

a concentration-dependent decrease in turbidity. CFU counts revealed no 

antibacterial effect on the survival / recovery of SH1000 after 20 h of exposure 

to PAMAM for neither G5 nor G4.5 and CFU counts were comparable to the 

control.  

S. aureus 12600 was not affected by PAMAM G4.5 incubation but a MIC of 

0.1 mg mL-1 was determined for PAMAM G5 which resulted in 36.7 ± 0.6 % less 

CFUs compared to the LB control. 

 

Figure 6-3 Effect of PAMAM dendrimers on the survival of S. saprophyticus after 20 
h of incubation. Aliquots were incubated on LA plates for a minimum of 24 h before 
enumeration. Panel a) reflects the number of colony forming units (CFU) per 1 mL, the 
PAMAM-free control contained 1 % methanol. In panel, the absolute numbers of CFU / 
mL were normalized against the LB control (1 % methanol). For both panels, data 
reflect M ± SEM, n ≥ 2. 

6.3.3.2 Gram-negative strains 

Whilst the screening revealed less activity against gram-negative strains 

overall, a number of those strains are pathogens typically found in hospital 

settings and therefore interesting models for understanding the antibacterial 

effect of PAMAM. Overall, neither of the PAMAM species showed a clear trend 

in terms of growth inhibition or promotion across the strains screened. For 

further concentration-dependent investigation, E. Coli ATCC 26922, P. 

aeruginosa ATCC 10145 and K. pneumonia ATCC 13883 were chosen.  

Considering the endpoint of turbidity growth kinetics after 20 h of incubation 

(shown in Figure 6-4), the most susceptible strain towards both PAMAM 
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dendrimers was P. aeruginosa. PAMAM G5 at 0.1 mg mL-1 also inhibited E. coli 

growth, which was not affected by PAMAM G4.5. Interestingly, the half-

generation PAMAM appeared to be more effective than G5 against K. 

pneumonia, albeit distinctive reduction in turbidity was only observed for 0.1 mg 

mL-1.  

 

Figure 6-4 Concentration effect of full-generation PAMAM G5 and half-generation 
PAMAM G4.5 on common hospital pathogen strains after 20 h of incubation. Data 
derived from the OD values at timepoint 20 h and are normalized to the LB control with 
1 % methanol as co-solvent. Values shown reflect mean ± standard error of the mean 
(SEM). 

A clearer picture emerged when CFUs after the 20 h PAMAM incubation 

were determined. PAMAM G4.5 showed no antibacterial effect on any of the 

gram-negative strains. Treatment with PAMAM G5 resulted in a concentration-

dependent reduction of bacterial survival of E. coli and P. aeruginosa, which is 

illustrated in Figure 6-5. The strongest inhibition of 54 ± 8.5 % was observed for 

P. aeruginosa (MIC 0.01 mg mL-1), but also E. coli survival was lowered by 33.3 

± 6.8 % (MIC 0.1 mg mL-1).  

Interestingly, both PAMAM species were observed to promote the growth of 

K. pneumonia (data not shown). The effect was more pronounced for G5 as 

well as with decreasing dendrimer concentration, with up to 85 % more CFUs 

compared to the LB control. It is possible that the medium – generation 

PAMAMs serve as nitrogen (N) substrate for the bacteria when degraded, which 

could lead to the increased growth activity seen in this study. The ability to 

utilize particular N sources as growth substrate depends on biochemical 

capacities; and the Enterobacteriaceae (the family Klebsiella spp. belong to) 
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were one of the families most commonly isolated from complex N-

enrichments72. However, our results are not in line with observations reported in 

the literature, where smaller cationic PAMAM (up to G4) are reported to have a 

bactericidal effect on K. pneumonia11.  

 

Figure 6-5 Effect of 20 h incubation with PAMAM G5 on the survival of P. 
aeruginosa ATCC 10145 and E. coli ATCC 25922. Colony-forming units (CFU) derived 
from the PAMAM-treated test solutions were normalized against the bacterial CFU of 
the PAMAM-free LB control (containing 1 % methanol). Data are shown as mean ± 
SEM, n ≥ 4. 

6.3.4 Linking PAMAM effect to membrane lipid composition 

The difference between gram-negative and gram-positive bacteria largely 

depends on the morphology and constituents of their cell envelopes73,74. 

Specifically, gram-positive bacteria are surrounded by a cytoplasmatic cell 

membrane and a thick peptidoglycan cell wall (20 – 80 nm). In comparison, 

gram-negative bacteria have a much thinner peptidoglycan layer (2-3 nm)75 and 

an additional outer membrane containing lipopolysaccharide (LPS) as gram-

negative specific lipid in the outer monolayer76. Major bacterial lipids are the 

anionic phosphatidylglycerols (PG) and cardiolipin (CL), and the zwitterionic 

phosphatidylethanolamine (PE)13, however the proportion of those lipids is 

substantially different in gram-negative and gram-positive species as illustrated 

in Table 6-5 on selected species. In some strains, i.e. S. aureus, anionic 

phospholipids contribute up to 100 % of the net charge of the bacterial 

membrane. Substantial amounts of glycosyl diglycerides in addition to 

numerous other minor lipids were also found in some bacteria77. 
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Phosphatidylcholines (PC) are zwitterionic major eukaryotic membrane lipids 

that occur rarely in bacterial membranes78. 

Table 6-5 Membrane lipid composition (%) of selected bacteria relevant to this study. 

PE- phosphatidylethanolamine, PG- phosphatidylglycerol, CL – cardiolipin, PS 
phosphatidylserine, PA-phosphatidic acid, PC-phosphatidylcholine, x – no exact 
proportions provided 

To date, the number of studies investigating antimicrobial efficacy of PAMAM 

dendrimers and underlying mechanism(s) is still limited albeit the binding 

preference of PAMAMs to anionic, bacterial phospholipids such 

phosphatidylglycerol has been established in biophysical90 or simulation 

studies12,21. Bacterial lipid composition was also shown as a modulator of 

antibacterial efficacy for a range of other molecules, i.e. antimicrobial 

peptides92,93, ceragenin steroids94, polymers95. 

Table 6-6 provides an overview of the few studies in which native PAMAM 

dendrimers (without modification or combinations with other molecules) were 

assessed for antimicrobial activity (MIC, MBC). The results of this study are 

included for comparison and highlighted in color. To date, most groups have 

used the more flexible small-generation PAMAMs11,19,52,58,96, and only two 

groups trialed the efficacy of the more rigid, high-generation PAMAM20,21. 

Interestingly, only Holmes et al96 included a half-generation PAMAM G3.5 in 

 

Bacterial Strain PE PG CL PS PA PC Glycolipids other 

E. coli K-12 W310179 69 19 6.5     6 

E. coli K12wt80 72-81 15-21 2-7      

P. aeruginosa POA81 59.9 21.3 10.6      

P. aeruginosa78 73.2 11.8   0.8 11.8   

P. aeruginosa82 x x x      

S. typhimurium LT-2 wt79  75-78 18 3.2 - 

4.5 

0.2 0.2   0.7-

2.9 

S. typhimurium ATCC 

713683 

72 8  6    14 

S. typhimurium dam 

and/or seqA mutants 84 

75.2 19.4 5.3      

S. aureus ATCC 6538P85  66.6 30    3.4  

S. aureus Newman86  73.2 22.5  0.5   3.8 

S. aureus Tazaki86  78.2 17.6  1.2   3.0 

S. aureus U7187  54-

95.4 

15.3-

34.5 

     

S. pyogenes88HSC589   x x    x  
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their study, which was shown to have a MIC50 > 1000 µg mL-1 for E. coli ATCC 

8739. The inhibitory effect was only observed at a comparably high MIC50, 

which could explain why most groups focus on the more active full-generation 

PAMAMs that exhibit high cationic surface charges. In fact, our screening 

studies with PAMAM G2.5 and G4.5 (1 mg mL-1) showed that the antibacterial 

effect, when observed, was much less than that of their full-generation 

counterparts. Significant inhibition at lower concentrations was only seen on 

gram-positive S. Saprophyticus after exposure to G4.5 (MIC50 10 µg mL-1). 

Numerous antimicrobial molecules (i.e. antimicrobial peptides93,97, 

(co)polymers98,99, surfactants100,101) are polycationic and membrane domains 

rich in anionic cardiolipin102,108 might provide a target for charge interactions 

affecting the membrane integrity. Possible membrane impacts include 

hydrophobic mismatch effects, chain stretching of the lipids close to the site of 

interaction, induced spontaneous membrane curvature and changes in lipid 

packaging104. Furthermore, the polycationic molecules likely promote phase 

separation between anionic and zwitterionic lipids13,105, which could be driven 

by simultaneous interaction with multiple anionic lipid headgroups and could 

result in membrane defects. Additional cation-structure related factors, such as 

ability for conformational adaption or hydrophobicity levels sufficient for 

membrane partitioning are supporting the antimicrobial efficacy of those 

molecules102. Full-generation PAMAM dendrimers of medium size, such as the 

G5 used in this study, have aforementioned properties and are therefore 

suitable molecules to study antibacterial activity and underlying modes of 

action. 

We propose that antibacterial activity of PAMAM dendrimers is related to 

membrane lipid binding, but there are other potential ways the dendrimers could 

interact with bacterial cells and exhibit toxicity, i.e. binding to non-lipid 

membrane constituents38,63 or intracellular targets53. However, as bacterial 

membrane lipids are the first point of contact for the dendrimers before being 

able to access internal targets, interaction with the lipids and resulting effects on 

membrane integrity and lipid arrangements can be assumed the first mode of 

action. The high content of anionic lipids provides electrostatic attraction to the 
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cationic surface groups of the full-generation PAMAM and further hydrophobic 

interactions with the core and lipid tails might aid the intercalation into the lipid 

bilayer, where the dendrimers can cause further damage. Considering the 

gram-negative and gram-positive lipid compositions in Table 6-5 and the higher 

anionic lipid proportion, this could explain the more pronounced antibacterial 

PAMAM G5 effects observed for the gram-positive Staphylococcus strains 

compared to the gram-negative strains. Unfortunately, no lipidomics analysis 

was available in the literature for S. saprophyticus and therefore we are unable 

to explain to stronger PAMAM susceptibility for this strain compared to the other 

gram-positive S. aureus strains, but it is noteworthy that also the half-generation 

PAMAM G4.5 with deprotonated carboxyl surface groups was able to cause an 

inhibitory effect.  
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Table 6-6 Literature-reported PAMAM effect on survival of gram-positive and gram-negative bacteria. Data with grey background derive from 
this study and are included for comparison. Concentrations are provided in µg mL-1. 

 

Bacteria 
Strain 

G1 G2 G3 G3.5 G4 G4.5 G5 G6 G7 

           

Gram-negative 

Acinetobacter 
baumannii 

Clinical 

 

ATCC 17957 

 

MDR 

 

 

 

 

MIC >10011 

 

 

 

 

MIC 2511 

 

 

 

 

MIC 2511,19 

  

 

 

 

MIC 5011 

  MIC 25.0;  

MBC 200.020 

MIC 2.5;  

MBC 200.020 

MIC 4.0; MBC 
128.021  

MIC 4.0; MBC 
128.021 

Escherichia coli Clinical 

 

ATCC 25922 

 

ATCC 35218 
(ESBL) 

 

K-12 MG 1655 

MDR XJ74283 

(clinical isolate)  

EHEC O157:H7 

 

 

ATCC 8739 

 

ATCC 8277 

 

ATCC 11775 

 

 

MIC 5011 

 

MIC 5011 

 

 

MIC >10011 

MIC >10011 

 

MIC 5011 

 

 

MIC 6.2511 

 

MIC 6.2511 

 

 

MIC 6.2511 

MIC 12.511 

 

MIC 6.2511 

 

 

MIC 12.511,19 

 

MIC 12.511;  

MIC 15.619 

 

MIC 12.511,19 

MIC 5011;  

MIC 15.619 

MIC 12.511,19 

MIC 5000; MBC  

> 2000057 

 

 

MIC50 4.996 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MIC50  

>100096 

MIC50  

2200032 

 
 

MIC 12.511 

 

MIC 12.511 

 

 

MIC 12.511 

MIC >10011 

 

MIC 12.511 

 

 

 

 

 

 

MIC50 3.832 

 

 

No MIC 

 

 

MIC 100 

 

 

 

 

 

 

 

MIC 20000; 
MBC 
>2000057 

MIC 25.0; 
MBC 200.020 

MIC 2.5; 

MBC 10020 

MIC 4.0; MBC 
128.021 

MIC 4.0; MBC 
128.021 
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Klebsiella 
pneumoniae 

Clinical 

 

ATCC 49131 

 

ATCC 13883 

ESBL-KP 
XJ752970 

(clinical isolate) 

ATCC 10031 

 

 

 

 

MIC 5011 

MIC >10011 

 

 

 

 

MIC 6.2511 

MIC 10011 

 

 

 

 

MIC 12.511,19 

MIC >10011; 

MIC 12519 

 

MIC 20000; 

MBC > 2000057 

  

 

 

 

MIC 12.511 

MIC >10011 

 

 

 

 

No MIC 

 

 

 

 

No MIC 

 

 

 

MIC 20000;  

MBC > 
2000057 

MIC 0.25 

MBC 100.020 

MIC 0.25 

MBC 100.020 

MIC 4.0; MBC 
128.021 

MIC 2.0; MBC 
128.021 

Proteus mirabilis Clinical 

 

ATCC 29906 

       MIC 2.5; 
MBC 100.020 

MIC 2.5; 
MBC 100.020 

MIC 1.0; MBC 
64.021 

MIC 2.0; MBC 
64.021 

Pseudomonas 
aeruginosa 

Clinical 

 

ATCC 27853 

 

ATCC 19660 

 

ATCC 9027 

 

 

ATTC 10145 

 

 

MIC 5011 

 

 

MIC 6.2511 

 

 

MIC 12.511,19 

 

MIC 6.352 

 

MIC 20000; 

MBC > 2000057 

  

 

MIC 12.511 

 

 

 

 

 

 

 

 

 

No MIC 

 

 

 

 

MIC 12.552 

MIC50 1.550 

MIC 20000; 

MBC > 

2000057 

MIC 10.0 

MIC 2.5; 

MBC 100.020 

MIC 2.5; 

MBC 100.020 

MIC 4.0; 

MBC 128.021 

MIC 4.0; 

MBC 128.021 

Salmonella 
enterica 
(paratyphi) 

ATCC 9150 MIC 5011 MIC 3.1211 MIC 12.511,19  MIC 12.5 11     
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Salmonella 
enterica 
(typhimurium) 

Clinical 

 

ATCC 19430 

 

MDR 

 

ATCC 14028 

 

 

 

 

MIC >10011 

 

 

 

 

MIC 10011 

 

 

 

 

MIC 10011;  

MIC 12519 

MIC 20000; 

MBC > 2000057 

MIC 12.519 

  

 

 

 

MIC 10011 

  

 

 

 

 

 

MIC 20000; 

MBC 

>2000057 

MIC 0.25; 

MBC 25.020 

MIC 0.025; 

MBC 2.520 

 

 

Shigella 
dysenteriae 

 

Clinical 

 

ATCC 13313 

 

   

 

 

 

    MIC 0.25; 

MBC 50.020 

MIC 0.25; 

MBC 50.020 

MIC 1.0; 

MBC 64.021 

MIC 2.0; 

MBC 64.021 

Shigella flexneri MDR MIC 50111 MIC 6.2511 6.2511,19  MIC 12.511     

Gram- positive 

Bacillus subtilis Clinical 

 

ATCC 23857 

 

  

 

 

 
 

 

  

 

 

  MIC 0.25; 

MBC 50.020 

MIC 0.25; 

MBC  50.020 

MIC 2.0; 

MBC 64.021 

MIC 2.0; 

MBC 64.021 
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Staphylococcus 
aureus 

Clinical 

 

ATCC 25923 

 

ATCC 29213 

 

VIR SA Mu50 

MRSA WHO-2 

MRSA XJ75302 

(clinical isolate) 

ATCC 6538 

 

 

MRSA ATCC 

33591 

 

ATCC 11832 

ATCC 12600 

 

 

 

 

MIC 5011 

 

MIC 5011 

MIC 5011  

MIC 5011 

 

 

 

 

 

 

MIC 6.2511 

 

MIC 6.2511 

MIC 3.1211 

MIC 6.2511 

 

 

 

 

 

 

 

MIC50 26.796 

 

 

 

 

MIC 6.2511;  

MIC 6.352 

MIC 6.2511 

MIC 6.2511 

MIC 6.2511 

 

MIC 1250; 

MBC > 2000057 

 

MIC 2500; MBC  

> 2000057 

 

MIC50 9.496 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MIC > 25096 

 

 

 

 

MIC 6.2511  

 

MIC 12.511 

MIC 6.2511 

MIC 6.2511 

 

 

 

 

 

 

 

MIC50 6.096 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

No MIC 

 

 

 

 

MIC 12.552; 

MIC50 20.850 

 

 

 

 

MIC 2500; 

MBC  

> 2000057 

MIC 2500;  

MBC >  

2000057 

MIC50 2.996 

MIC 100.0 

MIC 0.25; 

MBC 100.020 

MIC 0.25; 

MBC 100.020 

MIC 4.0; 

MBC 128.021 

MIC 4.0; 

MBC 128.021 

Staphylococcus 
epidermis 

ATCC 14990 MIC 2511 MIC 0.7811 MIC 1.5611  MIC 3.1211     

Staphylococcus 
saprophyticus 

ATCC 15305      MIC 10.0 MIC 1.0 

MBC 100.0 
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6.3.5 Conclusion 

Microbiology methods are an important tool in biomedical research, 

especially when investigating infectious diseases or the activity of new 

antimicrobial drugs. Bacteria, fungi, and yeasts are common target organisms 

that are generally more robust and easier to culture than eukaryotic cell lines, 

and are, in combination with lipidomics, useful models for studying molecule - 

membrane interactions.  

Here, a range of PAMAM dendrimer species were studied for their 

antibacterial efficacy on several gram-negative and gram-positive bacterial 

strains. For all susceptible strains, the full-generation PAMAMs (G3, G5) with 

cationic surface groups were more active than the half-generation counterparts 

(G2.5, G4.5) with anionic surface moieties.  

Both, PAMAM G4.5 and G5 had an inhibitory effect S. saprophyticus and 

MICs could be determined for both dendrimer species. MICs were also obtained 

for S. aureus ATCC12600, E. coli ATCC 25922 and P. aeruginosa ATCC 

10145, but only for PAMAM G5. 

In general, all three gram-negative strains were less impacted in their growth 

kinetics than the three gram-positive strains, which could be attributed to the 

higher anionic lipid content of the gram-positive cell envelop and resulting 

stronger electrostatic interactions between cationic PAMAM surface groups and 

anionic lipid heads. 
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CHAPTER 7: DISCUSSION AND CONCLUSION 

  

 

 

This final chapter is a discussion of all the previous chapters in the wider 

context and draws a number of conclusion for the potential future direction of 

the project. 
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7 DISCUSSION AND CONCLUSION                                     

Over the last 5-6 years (duration of this project), there has been a trend to 

explore new areas for potential PAMAM dendrimers applications – such as 

biological sensing (i.e. for tracking of cancer cells1 or detection or bacteria2) or 

PAMAMs as bioactive agents themselves. Of particular relevance to this thesis 

is the increased focus on the antimicrobial activity of PAMAM dendrimers3-6 and 

their delivery of antibacterial7-9 or antifungal10-12 agents as well as incorporation 

in antimicrobial textiles13-15.  

Rising incidences of viruses diseases such as Dengue fever or the most 

recent coronavirus pandemic triggered research into novel applications of 

PAMAM and its derivatives, such as an optical sensor with the integrated 

PAMAM for the detection of dengue E protein16 or a silver redox probe modified 

with chitosan and PAMAM dendrimer-coated silicon quantum dots as a 

genosensor for the early detection of COVID1917. Transactivator of transcription 

(TAT)-conjugated PAMAM dendrimers were successfully employed in a mouse 

model as transdermal DNA vaccine delivery system for the virulent H5N1 

influenza virus18. Sialyllactose-conjugated PAMAM were shown to be efficient 

as inhibitors of avian and human influenza virus strains19, and antiviral 

properties of native PAMAM dendrimers were reported against Middle East 

respiratory syndrome coronavirus20.  

The most exciting recent development is that OP-101, a PAMAM-based drug 

delivery system licensed for use in neuroinflammatory diseases (Alzheimer’s, 

Adrenoleukodystrophy, Amyotrophic Lateral Sclerosis), has successfully 

entered and passed a Phase I clinical trial. It is currently in Phase II to address 

the excessive inflammation and cytokine production in severe COVID-19 

cases21. OP-101, marketed by Opheris/ Ashvattha Therapeutics, is a PAMAM 

G4 dendrimer functionalized with N-Acetylcysteine on the surface22.  

Parallel to the developing biomedical applications of PAMAM dendrimers, 

research on improved membrane models has evolved. More complex lipid 
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membrane models have been developed for biophysical applications, such a 

lipid bilayer based nanodiscs or bicelles 23, 24 or lipid droplets25, 26 that include 

membrane curvature which is missing in conventional bilayer models. Bilayer 

models such as supported bilayers or tethered bilayers were developed further 

to create freer lipid movement and mimic membrane asymmetry27-29 and 

introduce membrane curvature30. Some research groups were able to 

implement membrane channels31, 32 and membrane proteins33, 34 into their 

models. More complex biophysical models of the gram-negative bacterial outer 

membrane35 or fungal membrane36 were also reported.  

Advances in computational research led to more realistic bacterial membrane 

composition with multi-lipid systems37, 38 and native membrane proteins39, but 

also to more physiological models for eukaryotic plasma membrane types40-42. 

For both, bacterial and eukaryotic models, lipid rafts and domains43-46, lipid-

protein binding sites47-49, lipid-mediated protein clustering50-52, and membrane 

curvature53-55 were increasingly addressed by membrane researchers providing 

clearer insights into natural membrane dynamics and potential points of 

molecular interaction. 

This chapter aims to: (a) provide a summary of the key results of the thesis 

body (7.1); (b) critically evaluate selected, most significant findings and their 

relevance to the wider research community (7.2); and (c) assess opportunities 

for future research, taking in consideration most recent advances in PAMAM 

and membrane research (7.3). 

7.1 KEY FINDINGS  

In chapter 3, we showed the importance of careful evaluation of solvent 

conditions as this can have impact on multiple molecule properties (i.e. 

structural arrangement, intrinsic fluorescence). We showed that pH and 

resulting charge state of functional groups for the surface and dendrimer core 

considerably affect the molecular conformation (shape and size) of PAMAM 

G4.5 and G5, which is in line with literature on full-generation PAMAM G1-856-60. 

There are only few reports exploring the structural behavior of half-generation 



218 

 

PAMAMs61-63, and our study is the first to address the impact of solution pH as 

modulator of half-generation PAMAMs molecular structure.  

Furthermore, even small quantities of methanol, which is often used to 

improve solubility, can affect the experimental endpoints such as fluorescence 

or absorbance. PAMAM fluorescence was reported to be dependent on 

solvent64-66, but so far, very few studies addressed solvent-mixtures67 and to our 

knowledge, none of them included residual methanol. 

Chapter 4 utilizes the most simplistic membrane model of lipid monolayers to 

study binding behavior of PAMAM G4.5 (COOH) and G5 (NH3). At pH 7, the 

surface groups of both dendrimers are fully charged, which was identified as a 

driver for the binding preference to and penetration into anionic DPPG 

monolayers. Our results are in line with strong adsorption to and embedding in 

sodium dodecyl sulfate monolayers (anionic surfactant) seen for PAMAM G4 

and G868. Electrostatic interactions of PAMAM G4.5 and G5 with solid-

supported DPPC-DPPG bilayers were causing changes to the interfacial water 

structure and charge density, and G5 additionally affected the alkyl chain 

conformation of the lipid tails69.  

We observed that higher PAMAM concentrations were required for 

penetration into zwitterionic DPPC monolayers and changes to the lipid order, 

and the dependency of membrane interactions on PAMAM /lipid molar ratio was 

also reported for phosphatidylcholine bilayer models70-72.  

The effect of the solvent environment (pH, residual methanol) on PAMAM 

interactions with membrane models was explored in Chapter 5. Methanol is a 

common (co-)solvent to increase the solubility of biologically active molecules, 

but residual methanol in the experimental system is rarely considered as 

contributor to cell membrane effects73-75 However, our studies showed that it 

can affect membrane fluidity and lipid order such that the degree of PAMAM 

penetration is higher with residual methanol present. Interestingly, the strong 

membrane binding effect from monolayer models (especially for pH 4) was not 

the same degree for the more complex asymmetric DPPC-DPPG bilayers at 

neither low nor neutral pH. Whilst pH – responsiveness of PAMAM dendrimers 
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was shown in structural studies57, 59, 76 and utilized in developing pH-controlled 

drug carrier systems77-79, so far very few studies focused on the environment 

pH as relevant modulator of PAMAM binding to biological cell components such 

as lipids80 or proteins81. Most membrane interaction studies assume a neutral 

pH, which does not reflect the pH range of the different organs or cell 

organelles, and the work of this thesis aims to address this deficit in the 

literature. 

Considering the PAMAM binding preference to PG, which is a major 

headgroup of bacterial lipids, in Chapter 6 we used bacteria as models to better 

understand the antibiotic effect of PAMAM dendrimers reported in literature3, 8, 

82. The majority of antibacterial studies were focused on smaller full-generation 

PAMAM, up to G43, 8, 83, 84 and very few included less active half-generation 

G3.54, 82 for which no inhibitory effect was seen. The half-generation PAMAM 

G2.5 and G4.5 in our study showed antibacterial activity but less compared to 

their full-generation counterparts G3 and G5. However, a MIC was determined 

for G4.5 on gram-positive S. Saprophyticus. In general, the full-generation 

PAMAM effect was more pronounced for gram-positive bacteria than for gram-

negative strains, and the MICs for G5 are in line with the values reported for 

G4-G6 on literature on strains of the same bacteria family6, 83-85. The stronger 

effect on gram-positive strains was correlated to the higher anionic lipid content 

in the cell envelop, i.e. PG or CL, and the resulting electrostatic attraction of the 

full-generations’ cationic surface groups to the lipid heads, which upon close 

contact can then enable disruptive interactions with the hydrophobic 

membranes and other membrane components. 

7.2 SIGNIFICANCE TO THE WIDER RESEARCH FIELD  

The findings from this interdisciplinary work shall be of interest not only for 

PAMAM research but also for the broader field polymer therapeutics research. 

Solvent composition and pH is relevant to anyone exploring the therapeutic 

molecules aimed at in vivo use and should be taken in consideration for 

potential membrane interactions, molecule charge effect as well as for the 

design and development of pH-responsive delivery systems. (Co-)Solvent 
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properties were also shown to impact on experimental endpoints, such as 

commonly used fluorescence or UV/Vis absorbance, and their contribution to 

the overall experimental findings so far is often underestimated. There are two 

main areas in the wider research field which this thesis’ contribution warrant a 

more detailed discussion: the use of membrane models and their biological 

translation, and the role of half generation PAMAMs. 

7.2.1 Membrane models and their translatability, a critical assessment 

Throughout the work of thesis, a variety of model membranes with increasing 

complexity was used – lipid monolayers, supported bilayers and bacterial 

membranes. Lipid monolayers are a suitable model system to study the 

contributions of individual properties in the systems, i.e. lipid head charge, 

dendrimer surface charge, pH or composition of the surrounding solvent. 

However, their simplistic nature does not reflect the more complex interactions 

in a biological system, where most membranes are made of bilayers. Even 

when using mixed-lipid systems based on reported phospholipid membrane 

compositions86-88, they are still only modelling one leaflet under unphysiological 

conditions of the air-water interface.  

Bilayer lipid models in a contained liquid environment, as used for our 

neutron reflectometry experiments, are a more physiological approach to 

investigate PAMAM-lipid interactions as the lateral pressure and the resulting 

limited lipid mobility are more realistic. Supported bilayers are widely used as 

membrane models69, 89, and fabricating them via the Langmuir-Blodgett 

technique enables finetuning of the lipid composition of each layer36, 90. Other 

groups have been using the simpler method of vesicle-deposition91-93, but this 

has the disadvantage that the lipid asymmetry cannot be controlled. Recently, 

new supported bilayer fabrication techniques such as the bicelle method and 

solvent-assisted lipid bilayer (SALB) have been reported94, 95, but they have yet 

to be established. However, both, monolayers and supported bilayers are flat 

membrane models and are lacking the natural membrane curvature. 

To include membrane curvature, several membrane interaction studies 

utilized liposomes, such as MLVs or small, large or giant unilamellar vesicles as 
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membrane model. PAMAM-liposome interactions were studied with a range of 

techniques, such as solution NMR96, 97, SANS/SAXS70, 71, different types of 

microscopy98, 99, calorimetry100, 101, UV-Vis and Fluorescence102, 103, but they 

have the major disadvantage that they can have poor stability and over time, 

vesicles might aggregate, fuse or break. The molecular shape of lipids 

determines their ability to form curves and careful consideration is required 

when selecting the lipids to form the liposomes and their suitability for usage in 

flat membrane models for comparison. Additionally, the lipid distribution across 

the leaflets is random and cannot be controlled as easily as with flat bilayer 

models which makes it more difficult to determine PAMAM lipid binding 

preferences when using mixed-lipid systems.  

So, is it even possible to relate findings across those membrane models and 

are those different membrane models required? 

The strong PAMAM penetration effect observed in our lipid monolayers 

studies was not seen to the same degree during the lipid bilayer experiments, 

but this does not mean that those seemingly different observations cannot be 

explained. For one, surface pressure is very sensitive to changes in the lipid 

packing but not to where and how many molecules have penetrated the layer or 

adsorbed onto the headgroups without penetrating. Therefore, even one 

aggregate of molecules can have the same strong effect on surface pressure 

than multiple individual molecules. On the other hand, with neutron reflectivity 

adsorption layers, penetration levels, coverage, and distribution of PAMAM 

molecules affect the scattering profiles and can be quantified, but changes in 

lateral lipid packing do not reflect very well with this technique. The results of 

those two experimental techniques cannot compared directly, but they provide 

complementary information on the interactions happening on the lipid interface 

and therefore justify the need for a variety of membrane models depending on 

the research question to be answered.  

However, there is still a big difference between existing biophysical lipid 

membrane models and biological membranes. First, the biophysical 

experimental are often not using near-biological conditions, and even 



222 

 

experimental temperature can majorly affect PAMAM-membrane interactions104. 

Second, the complexity of biological membrane composition is very difficult to 

model artificially and not all biological membrane components are known and/ 

or available for custom membrane fabrication. Some researchers increased the 

complexity of their biophysical models by using multi-lipid mixtures, i.e. Roy et 

al99 trialed PAMAM G3, G4 and G5 on for their effect on various binary lipid 

vesicles, but this still does not account for potential interactions with other 

natural membrane components such as proteins or receptors. 

In this work, we used bacteria as biological membrane models to correlate 

the observed toxic effects to bacterial lipid compositions reported in literature. 

Previously, the antibacterial PAMAM effect was mainly investigated for their 

therapeutic use as antimicrobial agent3, 5, 105 or suitability of carrier of 

antibiotics8, 106, 107 but the exploration of the mechanisms underlaying the 

bacterial toxicity was neglected in those studies. 

There is still a gap between biophysical reports of PAMAMs’ activity towards 

anionic membranes108-110 and the correlation to their biological effects across 

the used models, that could be addressed through using more complex 

biophysical systems35, 111 or multi-component models for molecular 

simulations38, 42 or a combination of both. 

7.2.2 Half-generation PAMAMs – an overlooked drug-delivery system? 

Main biomedical research focus thus far was on the seemingly more 

attractive full-generation, polycationic PAMAMs (NH3 terminus) for drug and 

nucleic acid delivery, which also are more cytotoxic than the OH- or COOH-

terminated dendrimers112-115, therefore there are generally fewer reports on half-

generation PAMAMs available.  

No hemotoxicity was observed for PAMAM G6.5 on platelet morphology, 

activation states, and hemostatic functions116, but a recent study on the blood 

coagulation and fibrinolysis system with PAMAM G1.5, G2.5 and G3.5 revealed 

a strong effect on the plasminogen activation and conformation117. The anionic 

surface groups of the same half-generation PAMAMs were also shown to 
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increase the porosity and membrane permeability of Caco-2 cell monolayers118, 

119 without affecting the cell morphology120, which enabled the dendrimers to 

translocate through the membrane – an important property of a potential drug-

delivery system. Another study demonstrated a good biocompatibility of 

PAMAM G1.5, G3.5 and G5.5 with lung tissue with rapid uptake into the 

respiratory epithelia via endocytic, size-dependent transport121. Thiagarajan et 

al114 showed that PAMAM G3.5 and G6.5 showed no signs of oral toxicity in 

mice up to doses of 500 mg kg-1 and a bioavailability of 9.4 % after 4 h for 1 mg 

mL-1 G6.5 at 122, which further evidences the biocompatibility of half-generation 

PAMAMs. As shown by Sweet et al123 PEGylation might improve the 

biocompatibility even further, by increasing cellular uptake of the dendrimers at 

the same time. A study addressing the immunocompatibility of PAMAM 

dendrimers, did not observe immunoreactivity for PAMAM G3.5124. 

However, biophysical studies on PAMAM G1.5 and G4.5 interacting with 

POPC bilayers, revealed dendrimer-size dependent interaction mechanism102, 

where smaller dendrimers were more membrane destructive than the larger 

ones. The smaller G1.5 produced defects on supported bilayers with some 

mass loss and increased leakage of fluorescence dye from liposomes, whereas 

G4.5 adsorbed and caused local (supported) bilayer swelling and decrease in 

liposome leakage, probably by increase of lipid packing when intercalating into 

the membrane. An earlier study by Shcharbin et al125 reported a membrane 

disrupting effect of G5 on planar lipid bilayers made of egg yolk PC whereas 

G4.5 did not affect the membrane integrity which was attributed to the 

zwitterionic nature of both the membrane and PAMAM G4.5. In contrast, our 

study (chapter 4) with the same PAMAMs showed that both penetrated DPPC 

monolayers but did not cause membrane disruption. However, PAMAM G5.5 

and G7.5 were reported to cause hole formation on supported DMPC bilayers, 

which was partially temporary, and the causation was not clear as the extended 

study of the process was focused on full-generation PAMAM97. An atomistic 

molecular dynamics study investigated interactions of PAMAMs carrying 

different surfaces charges (NH3
+, COO-, Ac (neutral)) with DMPC bilayers126 

showed a greater binding of the lipid bilayer of the two charged dendrimers, but 
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more deformation of the Ac-terminated PAMAM during the process. 

Furthermore, the hydrophobic core was significantly involved in the stronger 

dendrimer binding to the fluid compared to the gel phase lipids, and this effect 

was most pronounced for carboxyl terminated PAMAM containing most 

hydrophobic components. Another experimental study on membrane activity of 

PAMAM G5 and G4.5 used supported bilayers of DPPC and DPPG69 and 

observed more significant membrane interactions with the DPPG leaflets. 

Stronger binding affinity and lipid tail packing and ordering changes were shown 

for PAMAM G5 compared to G4.5, in line with our observations (Chapter 4 & 5).  

The PG lipid family is a major component of bacterial membranes, but 

antimicrobial assessment of half-generation PAMAMs and PAMAM-derivatives 

with anionic functionalities revealed much lesser or no antibacterial activities 

compared to cationic PAMAM. However, G3.5 was reported to antibacterial 

activity against E. coli4, 82 and S. aureus4 and, in our studies (see chapter 6), we 

found a significant inhibitory effect of G4.5 on S. saprophyticus, which could be 

considered for future development of antimicrobial medicines or drug-delivery 

systems. 

Recently, more research groups are considering the beneficial properties of 

half-generation PAMAM, maybe due to the biocompatibility limitations of the 

cationic full-generation PAMAMs, and new biomedical applications have been 

developed. Carboxyl terminated PAMAMs have been investigated as delivery 

system for cancer drugs or imaging agents targeted at the sentinel lymph 

node127, 128. PAMAM G4.5 coated with mixed lanthanide oxide nanoparticles as 

dual imaging system129 and PAMAM G4.5 conjugated to anti-body interleukin-6 

(IL-6)130 were successfully trialed for bioimaging in HeLa cells, and a dendritic 

nanoplatform based on a G5-succinamic acid was applied as triple modality 

theranostic to HepG2 cells131. A PEGylated PAMAM G4.5 – camptothecin 

conjugate was evaluated on human glioma cell line U1242 as a sustained-

release prodrug132 and a PEGylated G3.5 – carboplatin conjugate showed a 

high drug load and a sustained-release pattern133. 
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Efficacy of a PAMAM G4.5 – doxorubicin conjugate was shown in vitro and in 

vivo for the treatment of metastatic lung tumor using a pH-stimulated sustained 

drug release mechanism134. PAMAM G4.5 and G3.5 were shown to increase 

the solubility of candesartan cilexetil, a hypertension drug, to a higher degree 

than amine-terminated PAMAMs135. The solubility of sulfamethoxazole, an 

antibiotic, was increased by PAMAM G1.5, G2.5 and G3.5 and followed a 

sustained release pattern136. Ocular drug delivery seems to be another potential 

application for PAMAMs with anionic surface groups, shown for dexamethasone 

as model drug in in vitro and in vivo studies137, 138. Dental applications appear to 

be an emerging field for half-generation PAMAM, which are reported to promote 

biomineralization of demineralized dentin139 and dentinal tubule occlusion140 

and inhibit dental degradation by host-derived matrix metalloproteinases141. 

Advances were also made for ex-vivo diagnostic application of carboxyl 

terminated PAMAMs, i.e. with the development of an immunosensor for 

detection of cardiac troponin I in serum samples142. 

Nonetheless, in comparison to the wealth of applications suggested for the 

full-generation PAMAMs, the pool of available reports on the more 

biocompatible half-generation PAMAM is still rather small and highlights an area 

that is seemingly underdeveloped and requires more attention from biomedical 

researchers. 

7.3 CONCLUSIONS AND FUTURE DEVELOPMENT OPPORTUNITIES  

Being commercialized as Starbust® dendrimers with Starpharma, PAMAM 

dendrimers have already found their way on the market in in vitro applications. 

Stratus CS®, available from Siemens Healthcare Diagnostics (originally 

marketed by Dade Behring, a Baxter Healthcare subsidiary), utilizes PAMAM 

G5 for diagnosing cardiac biomarkers143, 144
. Qiagen has marketed SuperFect® 

and Polyfect®, transfection agents which use PAMAM G6 delivery vectors for 

plasmic DNA and siRNA nucleic acids145-147. Furthermore, an anthrax sensor 

called ALERT ticketTM based on PAMAM technology is manufactured by the 

U.S. army lab. 
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The work presented in this thesis has highlighted that a better understanding 

of PAMAMs’ physicochemical properties under more realistic conditions is 

crucial to assess their biological interactions more accurately and eventually 

enable improved efficacy and specificity of dendrimer-based drug design which 

is essential for the entry of PAMAM-based medicines into clinical trials. 

In fact, we found that the behavior of functional groups of the dendrimer core 

related to the environmental pH are not fully considered in existing studies 

exploring the PAMAM effect on membranes. Furthermore, whilst model 

membranes with easily adjustable individual components are very versatile and 

suitable for a wide range of techniques, they are often too simplistic to reflect 

realistic conditions (as discussed in section 7.2.1). Therefore, the observations 

cannot be readily translated into more complex biological systems and the 

actual PAMAM-membrane behavior might be significantly different to what was 

seen in the simplistic models.       

In my opinion, there is still a scope to increase the biological relevance of 

future biophysical experiments with model membranes, for example by refining 

the experimental conditions to mimic more closely the in vivo environment. A lot 

of research so far, including our own, was conducted under room temperature, 

therefore a first step could be to adapt the models to use temperature-controlled 

systems and techniques. In fact, Tian et al 2019104 studied PAMAM interaction 

with DPPC monolayers and reported significant differences between results 

obtained room-temperature and at body temperature. 

To date, phosphate buffer at neutral pH is a standard on most biophysical 

experiments. However, body fluids are more complex in nature, i.e., variety of 

electrolyte composition / concentration and solution pH or presence of mobile 

soluble proteins and enzymes. Calcium specifically is an important modulator 

off membrane processes where the ions are involved in signal transduction and 

ion channel gating. Our own studies (see Chapter 4) showed that the presence 

of physiological levels of sodium chloride in the solution environment can affect 

the extent of the PAMAM penetration. The pH of body fluids ranges from highly 

acidic in the stomach to slightly alkaline in the intestine, and although 
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absorption of oral therapeutics is happening under those varying conditions, not 

many reports on active molecule-membrane interaction address those acidic or 

alkaline conditions. Hence, biophysical studies with model membranes could 

become more biologically relevant, by adapting solution conditions to body 

temperature, organ-specific pH and adjusting the electrolyte content to reflect 

intra-/extracellular ion composition. 

In my view, another point that is particularly important to consider in future 

investigations is the use of knowledge from lipidomic data for the design of 

membrane models (i.e., target cell-type specific lipid mixes) and interpretation of 

data from studies involving biological membranes. Over the last years, the 

methods in lipidomics and proteomics advanced significantly and an increasing 

number of reports on cell membrane compositions and components is available. 

A recent study using a ‘shotgun lipidomics’ approach, studied an extensive 

range of tissues, primary, membrane isolations, cultured cell types and different 

extraction procedures and found 400-800 different lipid species per sample148. 

Future membrane models should make more use of reports like the 

aforementioned to select suitable lipids for a near-biological lipid composition of 

the target cell type to model. Equally, researchers using biological model such 

bacteria or cell lines could also benefit from including lipidomic analysis to their 

repertoire to study, for example, the lipid up- or down-regulation effect caused 

by interaction with the active molecule. Those changes in membrane lipid 

composition might be related to antimicrobial resistance149 or adaptation 

mechanisms of cancer cells150, and thus also interesting for future studies 

involving PAMAM dendrimers with proven antimicrobial or cancer-selective 

activity. 

Another potential direction of the current project could be a wider exploration 

of the antimicrobial activity of selected PAMAM dendrimers, either just on 

bacteria or also involving medically relevant yeasts and fungi. The existing 

reports do not delve deep into the causation of the observed growth inhibition 

and there is plenty of scope to explore this avenue in relation to membrane 

lipids, directly on bacteria, on more complex bacterial membrane models such 

as the one for gram-negative membranes reported by Clifton et al35 and/or near-



228 

 

real simulation models38. Once the mechanism of action and membrane effect 

is better understood, it will hopefully enable PAMAM-based drugs or drug-

delivery systems to be developed for combating the increasing problem of 

antimicrobial resistance. 
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