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Figure 1.2 – (A) Indicates the distribution of ions with respect to the polymer and 
Bulk solution. (B) Binding of the polypeptide to the NIPAm polymer shell of the 
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NPs yielding an effectively positive complex which retains solubility due to 
electrostatic repulsion. 
 
Figure 1.4 – Different hydrophobic groups functionalized to the surface of gold 
NPs (A) resulted in different binding equilibriums (B) to both BLGA and BLGB. 
The affinity and free energy of binding (B, inset) are compared to the NPs 
hydrophobicity as measured by their water/octanol partition coefficient (log 
Poct). The two proteins differ in only two amino acids at position 118 and 64 (C), 
indicating that there is some selectivity of the NPs for BLGA. 
 
Figure 1.5 – NPs are functionalized with a “Capto ligand” (A) or a “Nuvia ligand” 
(B). Heat maps of ubiquitin’s surface hydrophobicity (C) and charge distribution 
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Figure 1.6 – Acrylamide monomers incorporated into NPs (A). Each Monomer 
provides a different number of potential hydrogen bonding interactions. 
Fibrinogen was immobilized onto the surface of a quartz crystal microbalance 
(QCM). The change in frequency observed by QCM is proportional to the mass of 
NPs absorbed to the surface coated with fibrinogen (B). A greater change in 
frequency correlated with more potential hydrogen bonding interactions.   
 
Figure 1.7 – FT-IR spectra of NPs without β-D-glucosidase (A, black) compared to 
NPs loaded with the protein (A, red). The shifts at 1550 and 1650 cm-1 indicate a 
change in hydrogen bonding when the protein associates with the NP. Also, the 
FT-IR spectra of NPs loaded with the protein (B, red line) shows a slight increase 
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complex conformations considering a weak anionic polyelectrolyte (160 
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Figure 1.10 – (A) Confocal images (selected top to middle sections) and intensity 
profiles of single gel particles showing the distribution of pLys in acrylic acid 
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and pLys 170000. (B) The intensity observed across the middle layer of the 
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fluorescence light-up or further quenching. (B) Fluorescence response (DI) 
patterns of five GFP–NP adducts in the presence of five highly abundant serum 
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and error bars are standard deviations). (C) Canonical score plot for the 
fluorescence patterns as obtained from linear discriminant analysis against five 
protein analytes at a fixed concentration of 25 nM, with 95% confidence ellipses. 
 
Figure 1.12 – (A) Comparison of the heat response of a protein (red) and a N-
isopropylacrylamide (NiPAm)-based polymer NP hydrogel (blue). Proteins 
denature (unfold) in response to heat, whereas the NP hydrogels contract into a 
collapsed state. (B) Illustration of the “autonomous affinity switching” property of 
NP hydrogels. 
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Figure 2.1 – (A) Apparent binding constant between melittin and NPs of different 
compositions obtained from a 27-MHz quartz crystal microbalance. Red spots 
indicate NPs that did not show melittin binding. Blue spots indicate polymers that 
precipitated during polymerization or purification. (B) Survival rate of mice 24 h 
after intravenous injection of melittin, followed with (green) or without (blue) 
administration of 30 mg kg−1 of a 40/40 TBAm/AAc NP. 50% lethal doses (LD50) 
of each condition are printed on the 50% surviving line.  
 
Figure 2.2 - Neutralization of PSMα3 (20 μM; 53 μg/mL) induced hemolysis by 
NPs containing 40% (A) or 20% (B) PAA at the indicated concentrations. The 
percent neutralization was calculated from the hemoglobin released from RBCs 
relative to controls without PSMα3 or NPs. The data represents the mean ± 
standard deviation of n=6 trials. 
 
Figure 2.3 - Neutralization of PSMα3 (20 μM; 53 μg/mL) induced hemolysis by 
NPs containing 5FPAA and TBAm (A) or TBAm alone (B) at the indicated 
concentrations. The percent neutralization was calculated from the hemoglobin 
released from RBCs relative to controls without PSMα3 or NPs. The data 
represents the mean ± standard deviation of n=6 trials. 
 
Figure 2.4 – (A) Amount of hemoglobin (.5 mg/mL) remaining in solution after 
mixing with NPs (150 μg/mL) and centrifuging (3000 rpm). The results indicate 
that NPs do not bind, aggregate, and remove hemoglobin from the supernatant. % 
hemoglobin in solution was determined by absorbance at 418 nm and 
normalized to the control with no NPs. (B) Results of the MTT assay on HL60 cells 
subjected to PSMα3 at various concentrations. Triton X was used to generate the 
positive control. Error bars represent the deviation for 3 separate trials. From 
this result 20 μM PSMα3 was selected for subsequent experiments. 
 
Figure 2.5 – (A) Survival of HL60 cells after incubation with PSMα3 (20 μM; 53 
μg/mL) and NPs (100 μg/mL). Percent of viable cells was determined with an 
MTT assay and normalized to controls without PSMα3 or NPs. Cell viability of 
HL60 cells incubated with NPs (100 μg/mL). % cell survival was determined by 
the MTT assay and normalized to the control with no NPs. None of the NPs 
examined contribute to cell lysis. The data represents the mean ± standard 
deviation of n=6 trials. 
 
Figure 2.6 - Raw QCM data representing the physiosorbtion of NPs 9 (A) and 13 
(B). Large vertical lines represent removal of the cells and washing. Also, raw 
QCM data for the systematic injections of PSMα3 to QCM cells functionalized with 
NPs 9 (C) and 13 (D) is shown. Each downward spike represents an injection 
point and injections of each substance are repeated until no significant frequency 
change is observed. 
 
Figure 2.7 - Absorption isotherms generated by the interaction between PSMα3 
and surface immobilized NPs monitored by a 27MHz QCM. The Langmuir fit of NP 
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9 (dashed line) and NP 13 (solid line) resulted in calculated Kd’s of 1.59 μM or 
1.61 μM, respectively. The data represents the mean ± standard deviation of n=6 
trials. 
 
Figure 2.8 - Results of the red blood cell assay for NPs 9 (A), 13 (B), PSMα3, and 
HSA. Dark bars represent incubation of HSA and NPs prior to incubation of 
PSMα3, while light bars represent HSA incubation after NP incubation with 
PSMα3. Percent neutralization of PSMα3’s capacity to lyse red blood cells was 
determined by the absorbance of hemoglobin at 418 nm. A slight decrease in 
neutralization occurred when HSA was incubated with NP9 before addition of 
PSMα3. HAS had no observable effect on NP13’s ability to sequester PSMα3. Note: 
the amount of HSA used .67, 2.68, and 10.72 mg/mL provides a molar 
concentration of HSA equal to, double, and four times (respectively) that of 
PSMα3. 
 
Figure 3.1 - Synthetic route for the preparation of bifunctional amino acid 
monomers (top), and the modified precipitation polymerization conditions used 
to generate stable colloids of monodisperse NPs (bottom). 
 
Figure 3.2 - (Top) schematic representation of the temperature induced collapse 
of the NPs. (Bottom) Table of NP physical properties; Volume phase transition 
temperature (VPTT), Size, and expansion. 
 
Figure 3.3 - Change in hydrodynamic diameter of 5 and 10% AcPhe and AcLeu 
NPs as a function of temperature in phosphate buffer (35 mM, pH=7.3).   
 
Figure 3.4 - Illustration demonstrating the increased multivalent interactions 
between NPs and Lysozyme as a result of the temperature induced collapse. 
 
Figure 3.5 - The amount of lysozyme (30 µg/mL) bound to NPs containing 5% 
AAm co-monomers. The amount bound for each NP was also examined at 4 
(Blue), 25 (yellow), and 40 °C (red) in phosphate buffer (35 mM, pH=7.3). After a 
30 min incubation at the respective temperature, the NP-lysozyme complex was 
filtered from free lysozyme in a temperature controlled centrifuge. The enzymatic 
activity of lysozyme was measured by UV, using micrococcus as the substrate in 
PB. % lysozyme bound was determined relative to a control which contained no 
NPs.     
 
Figure 3.6 - The amount of lysozyme (30 µg/mL) bound to NPs containing 10% 
AAm co-monomers. The amount bound for each NP was also examined at 4 
(Blue), 25 (yellow), and 40 °C (red) in phosphate buffer (35 mM, pH=7.3). After a 
30 min incubation at the respective temperature, the NP-lysozyme complex was 
filtered from free lysozyme in a temperature controlled centrifuge. The enzymatic 
activity of lysozyme was measured by UV, using micrococcus as the substrate in 
PB. % lysozyme bound was determined relative to a control which contained no 
NPs.     
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Figure 3.7 - The amount of lysozyme (30 µg/mL) bound to NPs containing 20% 
AAm co-monomers. The amount bound for each NP was also examined at 4 
(Blue), 25 (yellow), and in some cases 40 °C (red) in phosphate buffer (35 mM, 
pH=7.3). After a 30 min incubation at the respective temperature, the NP-
lysozyme complex was filtered from free lysozyme in a temperature controlled 
centrifuge. The enzymatic activity of lysozyme was measured by UV, using 
micrococcus as the substrate in PB. % lysozyme bound was determined relative 
to a control which contained no NPs. 
 
Figure 3.8 - Selected ITC results for the titration of 10% AcLeu (.5 mg/mL A,B) 
and 10% AcPhe (1 mg/mL C,D) with lysozyme (1 mM for A,B,C; 2.75 mM for D). 
The titrations were conducted slightly below (left, 25°C) and above (right, 37°C) 
the VPTT of NIPAm in phosphate buffer (35 mM, pH=7.3). The heat of the 
interaction (µcal/sec) for each injection (10 µL) of lysozyme is measured ang 
then integrated and plotted as the heat generated for each mol of lysozyme added 
(Kcal/Mole of injectant vs Molar ratio of NP:lysozyme). Note: the first few 
injections of 10% AcLeu at 37 °C was conducted at a lower injectant volume, 3 µL. 
 
Figure 3.9 - ITC results for the titration of 5% AcPhe (1 mg/mL) with lysozyme (1 
mM). The titrations were conducted slightly below (left, 25°C) and above (right, 
37°C) the VPTT of NIPAm in phosphate buffer (35 mM, pH=7.3). The heat of the 
interaction (µcal/sec) for each injection (10 µL) of lysozyme is measured ang 
then integrated and plotted as the heat generated for each mol of lysozyme added 
(Kcal/Mole of injectant vs Molar ratio of NP:lysozyme). Note: an exothermic 
contribution to the enthalpy is also observed for the 5% AcPhe NP at the 
beginning of the titration when conducted at 37 °C. 
 
Figure 3.10 – Isotherms from ITC titrations between lysozyme (1 mM) and 10 % 
AcPhe (1 mg/mL) in phosphate buffer (35 mM, pH=7.3) containing 0 (■) or 30 
mM (●) sodium chloride. 
 
Figure 3.11 – Systematic addition of lysozyme to 10% AcPhe (B) and AcLeu (C). 
The DLS (■) and ITC (▲) data is superimposed to correlate the structural with 
thermodynamic changes upon binding lysozyme. Important points of correlation 
are labeled and schematic representations of their physical structures are 
provided (A). 
 
Figure 3.12 – Comparison of the monomers used to evaluate the effects of 
functional group proximity on the formation of high affinity protein binding sites 
(“hot Spots”). 
 
 
Figure 3.13 – Neutralization of melittin (2 µM) induced red blood cell lysis by NPs 
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mM NaCl). The percent neutralization was calculated from the hemoglobin 
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released from RBCs relative to controls without melittin or NPs. The data 
represents the mean ± standard deviation of n=3 trials. 
 
Figure 4.1 – Illustration representing NPs composed of NIPAm and the 
hydrophobic monomer TBAm. Hydrophobic globular domains that result from 
TBAm are indicated in brown. 
 
Figure 4.2 – Illustration detailing the fundamental elements of a neutron 
scattering experiment. 
 
Figure 4.3 – Size (Hd) by DLS of NPs as a function of SDS concentration in NIPAm 
NP precipitation polymerization. 
 
Figure 4.4 – Neutron scattering intensity at vector q for NPs 1 (red), 2 (blue), 3 
(green), and a D2O blank (yellow). All scattering profiles are conducted at 25 °C 
on the Oak Ridge CG-2 beam line. 
 
Figure 4.5 – Form factors (P(q)) for a flexible linear polymer (A), spherical 
particle (B), and a “fuzzy particle” (C) that serve as models for the scattering 
intensity (I(q)) of neutrons along a vector q. Graphs indicate scattering profiles 
for a linear polymer, spherical particle, and fuzzy particle given parameters 
provided in ref, #, #, and #, respectively. The P(q) of C combines elements of a 
spherical particle (red) and a linear polymer (black). A notable feature of a 
spherical particle with uniform length density is a porod behavior, as evidenced 
by the slope of I(q)≈q-4 (dashed line; B). Note: A(q) (red) of C is equivalent to the 
formula in the brackets of B.     
 
Figure 4.6 – Hydrodynamic diameter (Hd) of NPs 1-3 containing 10 mol% TBAm 
as a function of temperature. 
 
Figure 4.7 - Drawing of the internal nanophase separated structure at the VPTT of 
the PNIPMAM-PNIPAM-microparticls (A). SANS scattering data and fits (B) of the 
copolymer PNIPMAM/PNIPAM(50/50) in D2O in the swollen state (20 °C), during 
the collapse (38 °C) and in the collapsed state (53 °C). There is a clear deviation 
from porod behavior (arrow). Note that the 20 and 38 °C curves were shifted 
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Figure 4.8 – SANS scattering profile for NP 2a at 20 (red), 25 (blue), 30 (green), 
and 35 °C (yellow) in D2O. 
 
Figure 4.9 – (A) SANS profiles for NPs 1b (green), 2b (red), 3b (blue). (B) SANS 
profiles for NPs 6b and 7b. All experiments were conducted at 25 °C in D2O. All 
NPs containing dTBAm (blue) have higher scattering intensities than TBAm NPs 
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Figure 4.10 – SANS profiles for NPs 1b (A) and 3b (B) in D2O. The temperature 
was changed to evaluate the NPs structure throughout the phase change; 25 
(red), 30 (blue), 35 (green), and 40 °C (yellow). 
 
Figure 4.11 - SANS profiles for NPs 5b (A) and 7b (B) in D2O. The temperature 
was changed to evaluate the NPs structure throughout the phase change; 25 
(red), 30 (blue), 35 (green), and 40 °C (yellow). 
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Nanomaterials are finding widespread use in biomedical applications. In particular, 

the ability of nanoparticles to penetrate into every corner of physiological systems suggests 

that they have applications in therapeutic strategies or as diagnostic tools. However, the 

potential benefits are not without risk. Interactions of nanoparticles with biological systems 

can have unintended or even lethal consequences. Therefore, understanding the interaction 

between these materials and biological media, from a physiochemical point of view, is 

important in the development of materials that are effective and safe. Furthermore, the 

ability to chemically engineer nanomaterials that may recognize, bind, and release particular 

biomacromolecules is of benefit for a variety of in vitro biotechnology applications. This 

dissertation aims to elucidate the important physiochemical attributes of N-

isopropylacrylamide (NIPAm) based polymeric nanoparticles (NPs) that contribute to the 

interactions between NIPAm NPs and biomacromolecules such as proteins or peptides.   

A substantial collection of literature exists concerning the interactions between 

biological molecules and synthetic materials. These publications cover both fundamental 

evaluations of the interaction as well as practical biological applications. The first chapter of 
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this dissertation is a brief review of the current literature concerning the interactions 

between synthetic materials and proteins and how this information applies to NIPAm NPs. 

A number of applications using these materials is also highlighted. In the second chapter, 

NIPAm NPs containing aromatic co-monomers are evaluated as synthetic affinity reagents 

for biological molecules. The ability of the NPs to bind and sequester a cytolytic peptide 

released by virulent strains of antibiotic resistant bacteria was evaluated in vitro with a 

quartz crystal microbalance, and in cell based assays. The aromatic components were shown 

to be significant contributors to the NP-peptide interaction and modification of the aromatic 

interaction was used to alter the affinity and capacity of the material to the target peptide. 

The third chapter provides a detailed study on the effects of monomer hydrophobicity, 

functional group proximity, and the NPs structure to the NIPAm NP-protein interaction. An 

important conclusion from this evaluation is that both the monomer distribution and NP 

structure are significant contributors to the NP-protein interaction, thus in the final chapter, 

the structure and co-monomer distribution within NIPAm NPs are evaluated using small 

angle neutron scattering (SANS). 
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Chapter 1: Interactions at the Nano-bio Interface: Fundamentals and 

Applications 

 

A. Introduction 

 A nanoparticle (NP) is typically defined as a material with dimensions in the range of 

1-100 nm, although many particles < 1 µm are also referred to as NPs. Particles within this 

size regime display different chemical, physical, and optical properties when compared to 

their bulk counterparts.1 The small size and unique properties of NPs have resulted in useful 

applications in the biological and medical fields. The small size of NPs allows them to 

distribute to almost any location in biological systems and thus they may serve as vehicles 

for the delivery of therapeutics and as diagnostic tools.2 Also, the high surface area of NPs 

imparts these materials with a high capacity for biological molecules. This property may be 

useful for the purification of biological molecules meant to treat or diagnose desise.3 In each 

of these cases, the interactions between NPs and proteins or peptides, is particularly 

important. Proteins are biomolecular machines which drive biological functions and their 

interaction with NPs may significantly alter their function. Also, proteins and peptides are 

now important therapeutic agents for the treatment of disease. NPs may be used to deliver 

or purify these biological macromolecules. Furthermore, the interaction between NPs and 

proteins may lead to toxicity and the unintended introduction of NPs into the environment 

may have detrimental consequences on health. This provides an additional source of 

motivation to understand the interactions of NPs with biological systems. Overall, 

understanding NP-protein interactions is necessary for the safe and effective application of 
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NPs in these settings. The following section provides a review of recent literature concerning 

the interactions between NPs and proteins or peptides, and summarizes how this 

information may be used for applications in biotechnology and medicine. 

The composition of NPs spans both natural and synthetic materials composed of 

organic and inorganic substrates, or combinations of these. NP-protein interactions will 

strongly depend on the NP composition. The NPs described in this dissertation are N-

isopropylacrylamide (NIPAm) based polymers which have been copolymerized with 

acrylamide monomers containing a variety of chemical functional groups ranging from 

hydrophobic, hydrophilic, and charged. Precipitation polymerization of these monomer 

combinations in dilute aqueous solutions results in the formation of stable colloidal NPs that 

are solvent swollen. As a result, they are frequently referred to as nano-gels. These NPs share 

similar physical and chemical properties with both surface coated colloidal particles and 

linear polyelectrolytes. As a result, the following review includes NIPAm based NPs and 

related colloidal particles or polyelectrolytes (PEs).  

 

B. Functional Group Contributions to NP-protein Interactions 

In the absence of specific ligand mediated binding interactions, NPs will interact with 

proteins and peptides via multiple noncovalent interactions between the exposed functional 

groups of each species. This is analogous to the multiple noncovalent and complimentary 

interactions which occur between proteins. Like protein-protein interactions, a combination 

of electrostatic, hydrophobic, and hydrogen bonding interactions will contribute to the 

affinity and selectivity between NPs and proteins (Figure 1.1).   The following discussion 
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provides examples of each of these interactions and is meant to indicate the role they play in 

establishing affinity and selectivity between NPs and proteins.  

• Electrostatic contributions to the NP-protein interaction 

Charged amino acids are generally found at the polypeptide-water interface.4 

Consequently, electrostatic interactions can provide a significant contribution to the affinity 

between NPs and proteins. As set forth by coulombs law, the electrostatic contribution to 

affinity is dictated by the magnitude of the charges and distance (4-40 Å) between interacting 

species. The global charge of each species provides the predominate force of interactions at 

longer distances. In the case of strong PEs, and in the absence of salt, protein binding will 

produce a stoichiometric dependent precipitation with a constant PE:protein ratio.5 When 

evaluating the contribution of electrostatic interactions, the solution pH must also be 

accounted for because the state of protein ionization, and in some cases the NP, is pH 

dependent. Also, the interaction at longer length scales is complicated in aqueous solutions 

by electrolytes which act in accordance with Debye–Huckel screening. In fact, the 

Figure 1.1 - Noncovalent and complimentary interactions between the amino acid side chains of proteins (left). 
Protein interactions may be mimicked with polymer materials which present functional groups akin to amino 
acid side chains (right). 
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electrostatic contribution to affinity is routinely evaluated by systematic alteration of 

electrolyte concentration, with high salt concentrations resulting in diminished electrostatic 

contributions to binding affinity. However, even charge screening does not eliminate the 

contributions of electrostatics to the binding interaction between polymer based NPs and 

proteins.  For instance, Ballauff et al. have provided models that account for the interaction 

between NIPAm NPs and proteins in dilute salt.6 The bases of this model comes from the 

Donnan equilibrium that exists at interface of the NP and the bulk solution (Figure 1.2). The 

interior of the charged and swollen polymer NP network will have a higher concentration of 

ions then the surrounding solution. This unequal distribution of ions results in an electrical 

potential between the polymer network and the solution (Donnan potential).  Proteins have 

multiple point charges, and when they associate to a charged NP, the confined counter ions 

will be released in an “ion-exchange” process that results in a binding event driven by 

entropy change. Also, confinement of the counter ions within NPs generates large amounts 

Figure 1.2 – (A) indicates the distribution of ions with respect to the polymer and Bulk solution. (B) Binding of 
the polypeptide to the NIPAm polymer shell of the NP causes the release of ions from the polymer network. 
Reproduced from reference [6]. Copyright 2013 Elsevier. 

A) B) 

=
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of internal osmotic pressure. The osmotic pressure mechanically supports the swollen NP 

network and release of the confined ions is also accompanied by de-solvation of the network, 

which further contributes to the entropic shift. These observations indicate that even in the 

presence of salt, electrostatic interactions will contribute to the binding affinity. However, 

the entropy increase only occurs when the counterion concentration in the NP is greater than 

that in the bulk solution. Therefore, electrostatic interactions may only contribute to the 

binding interaction when the salt concentration is sufficiently low and the resulting free 

energy change of the NP-protein association will be a function of the magnitude of the charge, 

the amount of charge screening, and the entropy gained from counter ion release. 

Due to the size of macromolecular ions like charged NPs and proteins, consideration 

of the species global charge provides, at best, a rudimentary explanation of the electrostatic 

interaction.  This is due to the fact that there is an uneven distribution of point charges 

(anisotropic charge distribution) on both the NP and protein, with the later species being 

composed of both positive and negative charges. The clustering of point charges generates 

“charge patches” unique to any particular protein. The repulsive/attractive forces of these 

patches dictate electrostatic interactions between proteins and PEs or NPs at short distances. 

In fact, there are numerous reports of polyelectrolytes and NPs binding proteins with the 

same net charge, i.e. on the “wrong side of pI”. For instance, association of β-lactoglobulin 

(BLG; pI=5.2) to linear cationic polyelectrolytes (PDADMAC) and gold NPs bearing an 

exposed alkyl-ammonium ion was observed when pH<pI, when both species have a net 

positive charge.7 Also, preferential binding for BLG over bovine serum albumin (BSA; pI=4.9) 

was observed for both materials.  Binding on the wrong side of pI and preferential binding 

of BLG over a protein of similar pI indicate that the anisotropy from the “charge patch” is 
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more important for association then the net charge. Furthermore, analysis of the complex 

formed between the gold NPs and BLG versus BSA by dynamic light scattering indicated that 

the association of BLG was directionally dependent. As seen in figure 1.3, BLG binds with the 

negative charge patch oriented towards the NP, leaving the positive patch exposed. Binding 

in this orientation retains the overall surface charge of the complex and results in the 

formation of discrete soluble complexes. In contrast, the more hetero-distribution of charge 

on BSA leads to aggregation. These results indicate that electrostatic interactions of the 

“charge patch” are important contributors to the affinity and selectivity in NP-protein 

binding.  

• Hydrophobic effects in the NP-protein interaction 

In theory, almost any macromolecular solute has some hydrophobic character 

compared to water. This is due to the solutes ability to disrupt the optimal geometry of 

Figure 1.3 - Depiction of aggregation for (A) BSA-NP complex and (B) BLG-NP complex. Multiple negative 
charge patches (red) of BSA interact with several NPs and form large complex aggregates. The single negative 
patch of BLG binds to NPs yielding an overall positive complex which retains solubility due to electrostatic 
repulsion. Reproduced from reference [7]. Copyright 2011 American Chemical Society. 

A) B) 
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hydrogen bonding of water in a given volume of space and thereby limits the movement of 

solvating water molecules.8 The interaction of two hydrophobic surfaces will release 

confined water at the interface, thus providing an entropic contribution to the binding 

interaction. Proteins and peptides have been observed to interact with a variety of 

macromolecular species (NPs, polymers, Quantum dots, etc) even in the absence of 

electrostatic and hydrogen bonding interactions. Therefore, the hydrophobic effect must be 

considered when evaluating the NP-protein interaction. Unfortunately, the contribution of 

hydrophobic interactions to affinity and selectivity has been significantly neglected when 

compared to electrostatics. This is attributed to the difficulties in quantifying the 

hydrophobic interactions, especially in the presence of other noncovalent forces. However, 

more recent evaluations have provided evidence that hydrophobic effects provide an 

important contribution to the affinity and selectivity of the NP-polypeptide interaction. 

 One way in which hydrophobic contributions have been evaluated is through 

systematic alteration of a polymer NPs hydrophobic composition. Lindman et. al. evaluated 

the adsorption of HSA to N-isopropylacrylamide/ N-tert -Butylacrylamide copolymer NPs .9 

While an increase of the hydrophobic monomer content of the NPs did not substantially alter 

the affinity, a systematic increase in capacity was observed. This indicated that the 

hydrophobic monomer provided a primary point of attachment for HSA. Furthermore, 

careful analysis of thermodynamic parameters obtained from calorimetry may be used to 

infer a hydrophobic interaction. The entropic nature of the hydrophobic effect indicates that 

it is temperature dependent, as evidenced by the TΔS term in the free energy of association; 

ΔG=ΔH-TΔS. For the NPs studied by Lindman et al., calorimetry results at different 

temperatures indicated an increasing negative change in enthalpy (negative change in heat 
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capacity ΔCp) as temperature was decreased. A similar effect was observed by Welsch et al. 

when evaluating the interaction between an anionic polymer NP and lysozyme.10 In each 

case, the temperature dependence of the interaction provides substantial evidence for a 

hydrophobic contribution to the binding interaction, and this is clearly detectable even in 

the presence of electrostatic interactions.  

To separately evaluate the contributions of hydrophobicity and electrostatics to 

affinity, Chen et al. systematically altered the hydrophobicity of cationic NPs by selecting 

different hydrophobic moieties.11 As seen in figure 1.4, the hydrophobicity of each NP was 

assessed by their water-octanol partition coefficient (log Poct) and compared to the binding 

constant with BLG. The size and charge of each NP were found to be equivalent using 

dynamic light scattering and zeta potential measurements, thus the binding constant of each 

NP is dependent solely on the hydrophobic monomer selection. It is significant to note that 

the hydrophobic group alone could provide observable selectivity between two isoforms of 

BLG (BLGA and BLGB), which differ in only two amino acids. Also, Srinivasan et al showed 

that the hydrophobic interaction may control the orientation of the NP-polypeptide 

Figure 1.4 – Different hydrophobic groups functionalized to the surface of gold NPs (A) resulted in different 
binding equilibriums (B) to both BLGA and BLGB. The affinity and free energy of binding (B, inset) are 
compared to the NPs hydrophobicity as measured by their water/octanol partition coefficient (log Poct). The 
two proteins differ in only two amino acids at position 118 and 64 (C), indicating that there is some selectivity 
of the NPs for BLGA. Data is reproduced from reference [11].   Copyright 2014 Royal Society of Chemistry. 

A) B) 

C) 
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association.12 In this evaluation, colloidal gold NPs are functionalized with a “Capto ligand” 

or “Nuvia Ligand” (Figure 1.5). These ligands are chemically similar but are subtly different 

in the geometrical presentation of the aromatic moiety, with the aromatic of the “Capto 

ligand” being more accessible. NMR, specifically 1H-15N HSQC, experiments were used to 

evaluate the interaction of 15N-labeled ubiquitin with the NP surface. The “Capto ligand” was 

observed to bind preferentially to a hydrophobic patch (Figure 1.5, black outline) with 

neutral electrostatic potential. In comparison the “Nuvia ligand” preferred binding to an area 

with a highly positive electrostatic potential (Figure 1.5, yellow outline), but with only 

A) B) 

C) D) 

Figure 1.5 – NPs are functionalized with a “Capto ligand” (A) or a “Nuvia ligand” (B). Heat maps of ubiquitin’s 
surface hydrophobicity (C) and charge distribution (D) indicate that the “Capto ligand” prefers to bind 
domains of low charge and high hydrophobicity (black outline). In contrast, the “Nuvia ligand” prefers to bind 
domains of moderate hydrophobicity and high positive charge (yellow outline). Figures reproduced from 
reference [12].  Copyright 2014 American Chemical Society. 
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moderate hydrophobic character. Overall, these results indicate that there exist 

“hydrophobic patches” (analogous to “charge patches”) which may be used to provide 

desirable contributions to affinity and selectivity in the NP-protein interaction and may also 

direct the orientation of binding.  

• Hydrogen bonding contributions to the NP-protein interaction 

Hydrogen bonding can occur only under stringent conditions since it requires not 

only the presence of hydrogen-bond donors and acceptors, but also the spatial alignment of 

the donor–acceptor pairs. Consequently, electrostatic and hydrophobic interactions are 

more common factors in protein–polymer complexation. This however does not mean that 

hydrogen bonding does not contribute to the interaction. Like hydrophobic interactions, 

Figure 1.6 – Acrylamide monomers incorporated into NPs (A). Each Monomer provides a different number of 
potential hydrogen bonding interactions. Fibrinogen was immobilized onto the surface of a quartz crystal 
microbalance (QCM). The change in frequency observed by QCM is proportional to the mass of NPs absorbed 
to the surface coated with fibrinogen (B). A greater change in frequency correlated with more potential 
hydrogen bonding interactions. Figures reproduced from reference [13].  Copyright 2012 American Chemical 
Society. 

A) 

B) 
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hydrogen bonding can be difficult to quantify in the presence of other noncovalent 

interactions, but systematic investigations have provided qualitative evidence for their 

importance to the NP-polypeptide interaction. Yonamine et al. systematically evaluated the 

interaction between fibrinogen and NPs containing three types of cationic functional groups; 

guanidinium (Gua), primary amino (APM), and quaternary ammonium (ATC) groups (Figure 

1.6).13 While each of these functional groups impart cationic charge to the NP, each monomer 

allows for different hydrogen bonding interactions. Guanidinium, APM, and ATC have the 

potential for 2, 1, and 0 hydrogen bonding interactions, respectively.  Evaluation of the 

affinity between these NPs and fibrinogen was conducted with a quartz crystal microbalance, 

and a clear correlation between greater affinity and the number of potential hydrogen bonds 

was observed.  

The contribution of hydrogen bonds when biological macromolecules associate with 

NPs has also been studied with isothermal titration calorimetry (ITC). Zeng et al. studied the 

interaction between a polysaccharide, heparin, and acrylamide NPs by ITC.14 A strong 

Figure 1.7 – FT-IR spectra of NPs without β-D-glucosidase (A, black) compared to NPs loaded with the protein 
(A, red). The shifts at 1550 and 1650 cm-1 indicate a change in hydrogen bonding when the protein associates 
with the NP. Also, the FT-IR spectra of NPs loaded with the protein (B, red line) shows a slight increase in 
hydrogen bonding over the native protein (B, black line). The difference in intensities is plotted in arbitrary 
unites (B, blue line). Figure reproduced from reference [15]. Copyright 2009 American Chemical Society. 

A) B) 
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negative change in enthalpy was observed for the interaction in the absence of charged 

groups. This enthalpy change corresponded to the formation of hydrogen bonds between the 

polysaccharide and acrylamide NPs. Furthermore, direct evidence of the formation of 

hydrogen bonds between polymer (NIPAm-co-acrylic acid) coated NPs and β-D-glucosidase 

was provided by Welsch et al.15 Immobilization of β-D-glucosidase induced both a shift of the 

NPs amide I and amide II band (Figure 1.7) and a change in the shape of these peaks was 

observed in FT-IR spectroscopy. After subtraction of the NPs spectra, a slight difference in 

the amide I and II bands was also observed for the protein. Overall, despite the stringent 

conditions for the formation of hydrogen bonds and the difficulties in identifying their 

contributions to NP-protein binding, there is clear evidence to indicate that hydrogen 

bonding does contribute to the interaction.  

 

C. Structural Parameters: Mechanical and Geometric Considerations  

 As indicated above, association of complimentary functional groups is imperative to 

generate a strong and selective binding interaction. The interaction of proteins or peptides 

with NPs is a function of multiple noncovalent interactions. The existence of “charge 

patches,” “hydrophobic patches,” and sites of hydrogen bonding on the surface of proteins 

provides handles for NP functional groups to hold onto. However, NPs must interact with 

multiple “charge patches,” “hydrophobic patches,” and sites of hydrogen bonding in order to 

achieve the highest possible affinity. Also, in order to achieve selectivity, the spatial 

distribution of functional groups on the NP must match the complimentary binding sites on 

the target proteins surface. A polymer NPs ability to span multiple binding sites is dependent 

on a number of physical properties. In particular, structural parameters such as size, 
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flexibility, and mesh size of polymer NPs can substantially alter the NPs ability to interact 

with multiple binding sites.  

 Size and curvature 

For ridged or solid NPs with a well-defined solvent/particle interface, the geometry 

required to interact with multiple protein binding sites is dictated by the NPs curvature 

which is directly related to its size. For instance, Dobrovolskaia et al., indicated that the 

curvature of gold NPs (either 30 or 50 nm) altered the selectivity of protein interactions.16 

When incubated with serum, a greater variety of serum proteins were found to bind 30nm 

gold NPs as compared to the larger 50nm NPs. This distribution was not significantly altered 

when the concentration of each NP was adjusted to account for the different surface area of 

the NPs. Thus, the distribution observed was not a function of surface area. Also, Lindanman 

et al. investigated the amount of HSA bound to the surface of ridged polymer NPs.9 A lower 

degree of surface coverage was observed for 70nm NPs when compared to NPs ranging in 

size from 120-400nm. Based on these evaluations, the number of potential interactions 

between functional groups at the NP-protein interface may be altered by the surface 

geometry of ridged NPs. Surface coverage of smaller NPs by large proteins is reduced due to 

the lower number of contacts. This allows smaller and more flexible protein or peptides to 

also associate with the NP surface, thereby altering the observed selectivity of a NP. 

 Flexibility 

 When the composition of polymer NPs results in materials that are solvent swollen, 

there are further mechanical and geometric considerations that must be accounted for when 

explaining the NP-protein interaction. In particular, the flexibility individual polymer 

segments in highly solvated polymer NPs will allow the segments to conform to the protein. 
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In such a situation, the interaction of a protein or peptide with a segment of the NP is 

analogous to that of a linear PE. Numerous computer simulations indicate that binding of 

proteins by linear PEs may be altered by the mechanical properties of the PE. A decade’s 

worth of study has been contributed to this concept and the bulk of this literature was nicely 

reviewed by Stoll et al. in 2006.17 The highlights of this review are provided in the following 

discussion with additions of more recent literature being referenced where necessary. 

 The bulk of the simulations reviewed by Stoll et al. utilize a single oppositely charged 

spherical macro-ion as the PE binding partner. The macro-ion may be considered a crude 

representation of a protein with a net homogenous charge distribution of a single positive or 

negative sign. A more “protein like” spherical macro-ion with heterogeneous +/- charge 

distributions at the surface will be discussed shortly. However, simulations using this 

simplified system have indicated that flexible PEs are able form multiple binding interactions 

by wrapping around the binding partner. As seen in figure 1.8, increasing intrinsic chain 

stiffness (kang=the energy needed for rotation) decreases the number of contacts between 

PEs and the macro-ion, especially when the chain length (N) of the PE is increased. The 

persistence length (lp) is another measure of chain stiffness. Assuming polymers of equal 

length, those with a small lp may adopt a greater number of conformations, and thus are 

more flexible than those with a large lp. Therefore, PEs with a low persistence length are able 

to wrap around the macro-ion non-uniformly, while PEs with moderate persistence length 

(lp) have been found to form a sinusoidal geometry around the macro-ion. Also, Boroudjerdi 

et al. indicated that the ability of a PE to wrap around the macro-ion is dependent on the 

macro-ion radius (Rs), the lp, and the magnitude of the charge. Assuming equivalent charge 

magnitudes, the PE will wrap around the spherical macro-ion when lp/Rs is small, and  



15 
 

 

A) 

B) 

Figure 1.8 – (A) A macro-ion with a surface charge density of +100 mC/m2 and a radius of 35.7 Å interacts with 
polymers of various lengths (N) and intrinsic chain stiffness (kang=kBT/deg2; KB=Boltzmann constant, 
T=temperature, deg=degree of rotation). Polymers are observed to form solenoid, tennis ball, tail and rosette 
conformations. Rosette conformations are characterized by extended loops whose size is decreasing with the 
increase of the PE flexibility. (B) PE/macro-ion complex conformations considering a weak anionic 
polyelectrolyte (160 monomers of radius=3.57 Å) and an oppositely charged macro-ion (radius=35.7 Å). The 
adsorption/ desorption limit, conformation and number of charged monomers (yellow) depend on ionic 
concentration, macro-ion surface charge density and pH of the solution. Figures reproduced from reference 
[17]. Copyright 2006 Elsevier. 
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increasing lp/Rs will result in the PE becoming linear with only a few functional groups 

contacting the sphere.18 In the latter case, PEs have been found to interact with multiple 

binding partners evenly spaced along the ridged chain, whereas the more flexible chains of 

the former case will cause multiple macro-ions to be held in closer proximity.19 These 

simulations indicate that the multipoint attachment of a NPs polymer segment to a protein 

will be dependent on the polymers segment flexibility and the size of the protein. Also, the 

chain stiffness alters the structure of the polymer-protein complex that is formed. 

 The rigidity of PEs is dependent on a number of factors besides the intrinsic chain 

stiffness. For many PEs, electrostatic repulsion of the individual monomer units will increase 

the chain stiffness. Therefore, chain stiffness may be altered by charge screening in the 

presence of monovalent electrolytes and as a function of pH. Figure 1.8, depicts the effects of 

electrolyte concentration and pH on the complexation of PEs to macro-ions of various charge 

densities. Furthermore, proton shuffling along the PE may alter the distribution of charges 

on the PE which interact with the macro-ion. Simulations where high charge density sections 

are generated on the PE via proton shuffling have indicated that these sections (Figure 1.8, 

yellow regions) will provide a primary point of attachment to the macro-ion, and the 

uncharged regions (Figure 1.8, blue regions) may loop away from the macro-ion.20 The 

charge distribution of PEs is of particular importance when flexible PEs interact with 

polypeptides that contain “charge patches”. Yigit et al. modeled the interaction of flexible PEs 

with spheres containing various distributions of cationic and anionic charges at the 

surface.21 In this system, the flexible PE was shown to bridge multiple sites of complimentary 

interaction, with loops forming in response to similarly charged domains. While these 

authors did not alter the rigidity of the chain modeled, the previous discussion indicates that 
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a more ridged PE would not be able to simultaneously interact with all “charge patches.” 

Overall, these models establish that chain flexibility will alter the multipoint attachment of 

PEs and polymer NP segments to binding partners with heterogeneous distributions of 

charge patches, hydrophobic patches and sites of hydrogen bonding. The ability to bridge 

these points of attachment will ultimately affect NP-protein affinity and selectivity. Also, 

chain stiffness will alter the NP-protein complex that is formed which will play a role in 

cooperative binding, as well as effecting the solubility of the NP-protein complex. 

Conclusions drawn from these simulations have been put into practical application by 

designing PEs with optimal properties for association and subsequent precipitation of 

monoclonal antibodies.22 Further evidence for the validity of these models comes from their 

accurate description of the interactions of biological polyelectrolytes with their binding 

partners; such as the formation of heparin complexes23 and the wrapping of DNA to 

histone.24 

Simulations of linear PEs describe the conformational changes that may occur when 

segments of solvated polymer NPs interact with proteins. The conformational changes due 

to a NP segments flexibility will likely alter the mechanism of association of a protein or 

peptide to the NP and have direct consequences on affinity. Hoshino et al. determined that 

the flexibility of NIPAm based NPs containing a mannose derived monomer altered the rate 

of association (Kon) and disassociation (Koff) of its multivalent binding partner, concanavalin 

A (ConA), to the NP.25  The rigidity of the NPs is controlled by including a hydrophobic co-

monomer which altered the phase of the NPs studied at 25 °C. Polymer segments of NPs with 

less hydrophobic co-monomer are in a swollen or transition phase and have a “flexible” 

random-coil conformation. In contrast, NPs with more hydrophobic co-monomer are 
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collapsed to form a more “ridged” globule conformation. As seen in table 1.1, a faster 

association rate (Kon) is observed for the more “flexible” NPs and a similar disassociation 

rate (Koff) is observed for both the “flexible” (swollen) and “ridged” (collapsed) NPs. The 

faster association rate ultimately led to greater affinity between the more “flexible” NPs and 

Con A. Interestingly, the greatest affinity is observed for the NP in the transition phase. The 

composition of this NP puts it on the cusp of the coil to globule transition when at 25 °C. Upon 

binding Con A, the polymer segments of the NP become less mobile causing a NP phase 

transition from coil to globule and indicates that the polymer is wrapping around Con A. The 

binding induced transition causes Con A to be trapped within the polymer and thus Koff is 

substantially decreased, resulting in an increase in affinity. These results demonstrate that 

the flexibility of polymer NPs can be altered to control the rates of association and 

disassociation of polypeptides to polymer NPs in a way that may alter the affinity.  

In the previous discussion, a NPs segment mobility was restricted by NPs phase which 

was a consequence of the hydrophobic content of the NP. However, crosslinking density may 

also limit a swollen NPs segment mobility. Therefore, Nakamoto et al. also investigated if the 

amount of crosslinking by N,N’-methylene-bis(acrylamide) (BIS) plays a role in the binding 

affinity for NPs in different phases.26 It was determined that the Kon, Koff, and Kd between Con 

** Table reproduced from reference [26]. Copyright 2014 American Chemical Society. 

Table 1.1: Monomer feed ratios, swelling ratios, NP phase, mannose density, and 
kinetic/equilibrium constants for NPs containing mannose that interact with Con A. 
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A and NPs in the “ridged” collapsed phase are not perturbed by changes in the crosslinkning 

density. The Kd of “flexible” NPs in a swollen or transition phase were also found to be 

unaffected by crossliking density. However, the Kon and Koff were both found to increase 

proportionally as the crosslinking was decreased for “flexible” NPs in the swollen or 

transition phases. These results established that the binding equilibrium of “flexible” NPs is 

the same regardless of crosslinking density, but the rate of con A exchange is faster when a 

lower amount of crosslinker is used. When combined with the previous discussion, it 

becomes apparent that the NPs segment flexibility is of paramount importance in 

determining the equilibrium of binding (Kd), and altering the segment mobility by 

crosslinking may be used to alter the rate of exchange (kon and koff) of any individual protein.  

 Mesh size 

Crosslinking will not only restrict the segment mobility of swollen polymer networks, 

but will also alter the mesh size. The mesh size serves as a physical barrier that dictates the 

degree of adsorption vs absorption of a polypeptide to the network. The extent of 

polypeptide penetration (absorption) into polymer networks has been evaluated extensively 

for bulk gels and polymer micro-particles (MPs). For instance, the ability of MPs to efficiently 

encapsulate polypeptides was recently evaluated by Smith et al.27 Using molecular weight 

measurements obtained from static light scattering, the amount of cytochrome c retained by 

a NIPAM-co-acrylic acid MP (≈700 nm with 2 mol% BIS) was evaluated, and the 

concentration of cytochrome c attached to the particle was found to be 700-fold higher than 

that of the bulk solution.  The amount of cytochrome c attached to the MP exceeded the 

amount which may attach to the surface, suggesting that the protein resides in the interior 

of the MP. However, the molecular weight measurements used do not directly determine if 



20 
 

the protein resides in the interior of the MP or if the protein is aggregated at the surface. 

Direct evidence of polypeptide diffusion into the interior of a MP was provided by Johannson 

et al.28  As seen in figure 1.9, fluorescently labeled lysozyme was initially adsorbed to a poly 

acrylic acid MP (≈70 µm 3.7 weight% BIS) when imaged by confocal microscopy. Over time 

the protein was observed to diffuse throughout the MP interior. Furthermore, the 

crosslinking density has been shown to effect the extent of interior penetration of 

polypeptides of different molecular weights into MPs. The adsorption vs. absorption of 

fluorescently labeled poly-lysine with molecular weights of 1, 10, or 170 kDa was observed 

to be dependent on the polypeptide Mw by Bysell et al. (Figure 10).29  The crosslinking 

density of the MP was used to calculate a theoretical average mesh size (i.e. pore size) of 50 

to 80 Å. Poly-lysine smaller than the mesh size (1 kDa) was shown to distribute through the 

interior of the particle after a 48 hr incubation whereas high Mw poly-lysine (170 kDa) only 

adsorbed to the surface. It is significant to note that the distribution of the crosslinker within 

Figure 1.9 - Confocal microscopy images showing time-dependent uptake of FITC-labeled lysozyme into a 
microgel at pH 7.0, ionic strength 40 mM, and 1 mg/mL lysozyme. Each picture represents a “cut” through the 
center of the microgel, perpendicular to the glass bottom. The pictures show that, initially, a shell with a high 
concentration of lysozyme is formed, followed (after 180 s) by a diffusion front of lysozyme moving from the 
lysozyme-microgel shell toward the inner parts of the microgel. The microgel is somewhat deformed by 
absorbtion to the cover glass bottom. Figure reproduced from reference [28]. Copyright 2009 American 
Chemical Society. 
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the MP is not homogenous due to differences in the rate of monomer consumption.30 As a 

result, the mesh size at the particle core is smaller than that of the exterior. This explains the 

slight penetration of poly-lysine of moderate size (10 kDa) at the exterior of the particle. The 

aforementioned studies involving MPs provide strong evidence that polypeptides may also 

Figure 1.10 – (A) Confocal images (selected top to middle sections) and intensity profiles of single gel particles 
showing the distribution of pLys in acrylic acid microgels at pH 4.5 and an ionic strength of 220 mM for pLys 
1000, pLys 10000, and pLys 170000. (B) The intensity observed across the middle layer of the particle for each 
pLys. Reproduced from reference [29]. Copyright 2006 American Chemical Society. 

A) 

B) 
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penetrate into the interior of solvent swollen NPs. Unfortunately, direct visualization of 

proteins or peptides penetrating to the interior of NPs is difficult due to the size of both the 

NP and polypeptides. However, indirect evidence does exist in the form of NP de-swelling. 

Visual conformation of protein absorption has been found to correlate with a binding 

induced phase transition from swollen to collapsed (de-swelling) of bulk gels31 and MPs.28 

Similar de-swelling has been observed for NPs when binding proteins, indicating that NP de-

swelling may also be linked to protein absorption.  The absorption of proteins into swollen 

polymer may greatly affect the affinity, selectivity, and capacity of NPs for proteins and 

peptides. Polymer NPs with a mesh size which allows for absorption (i.e. mesh size > protein 

or peptide size) will have a greater capacity than NPs which may only adsorb proteins at the 

surface. Also, proteins absorbed by the NP will likely encounter a greater density of 

functional groups, allowing for a greater number of multivalent interactions that may alter 

the NP-protein affinity and rates of protein exchange. Finally, the mesh size of the NP may 

alter the selectivity of the NP by excluding proteins of higher molecular weight from the 

interior. Clearly, the mesh size is an important physical parameter in evaluating the Np-

protein interaction.  

In conclusion, the physical characteristics of NPs play a significant role in the NP-

protein interaction. The size and flexibility of polymer NPs limit the number of contacts at 

the NP-protein interface and dictate the affinity, rate of exchange, selectivity, and structure 

of the resulting complex. Furthermore, the mesh size of solvent swollen polymer NPs alters 

the distribution of proteins within the NP. The extent and rate of diffusion of the protein or 

peptide into the interior of the NP will also alter the affinity, selectivity, and capacity of the 

NP for a target biological macromolecule.  
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D.  Applications for NPs that Bind Proteins 

 The ability to tune the chemical and physical properties of NPs through synthetic 

methods allows for the development of NPs with a wide range of applications in biological 

settings. NPs can be manufactured in a chemical laboratory and in many cases their synthesis 

is scalable and facilitates large scale manufacturing. Furthermore, most polymer NPs are 

chemically and mechanically stable and have a significant shelf life in ambient environments. 

Therefore, NPs are poised to provide low cost and readily available alternatives to current 

diagnostic and medical applications which require protein affinity reagents.  

 Diagnostic applications of nanoparticles 

 The chemical and physical properties of NPs make them useful for diagnostic 

applications. Rotello et al. have shown that the selection of chemical functional groups can 

be used to “sense” different proteins.32 An array of AuNPs (similar to Figure 1.4), each with 

a different chemical moiety was used to differentiate between proteins. Initially, NPs are 

non-covalently bound to a fluorophore (ex. GFP) and the close proximity of the Au core 

quenches the fluorescence. Displacement of the fluorophore by binding proteins results in a 

fluorescent signal (Figure 1.11). The affinity of each specific protein will be effected by the 

nature of the functional group selected and thus the fluorescent signal detected will reflect 

the difference in affinity of the AuNP for the fluorophore in comparison to the protein of 

interest. Using a linear discriminant analysis, an array of AuNPs can act as a “chemical-nose” 

to “sense” different proteins. A similar study conducted by Kusolkamabot et al. also showed 

that NIPAm polymer NPs with an Au core could achieve similar results.33 These techniques 
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may provide a method for identifying isolated proteins. More importantly, these arrays may 

be useful as a rapid and cost-effective point of care diagnostics. An ensemble of proteins may 

also produce a specific output from the arrays and the output may serve as a finger print for 

a particular collection of proteins. A change in protein production as a result of disease may 

alter the output of the array and serve as a finger print for a particular disease. Therefore, 

arrays of NPs with different chemical functional groups may be useful as a point of care 

diagnostic for assessing disease.  

Figure 1.11– (A) Illustration of the competitive binding between protein and quenched GFP–NP complexes and 
protein aggregation, which leads to fluorescence light-up or further quenching. (B) Fluorescence response (DI) 
patterns of five GFP–NP adducts in the presence of five highly abundant serum proteins at 25 nM concentration 
(responses are averages of six measurements and error bars are standard deviations). (C) Canonical score plot 
for the fluorescence patterns as obtained from linear discriminant analysis against five protein analytes at a 
fixed concentration of 25 nM, with 95% confidence ellipses. Reproduced from reference [32]. Copyright 2009 
Nature Publishing Group. 

A) B) 

C) 
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 The diversity of proteins in the proteome as well as the low abundance of biomarkers 

in serum make it challenging to detect specific biomarkers which may represent a diseased 

state. However, NPs which have higher affinity for biological molecules of interest may be 

useful in purifying those of interest from the complex mixture in sera. Liotta et al. utilized 

the physical properties of solvent swollen NPs to bind and concentrate low molecular weight 

biomarkers from complex mixtures.34 Swollen core-shell NIPAm NPs were synthesized with 

chemical functional groups at the core which bind different classes of proteins. The 

crosslinking of the shell was adjusted to generate a polymer network which excluded larger 

more abundant serum proteins. Low molecular weight proteins and peptides which serve as 

biomarkers penetrate the shell and bind to the core. The NPs containing biomarkers can then 

be separated from undesired proteins by centrifugation and washing. Bound biomarkers are 

then released and concentrated for analysis. This “molecular sieve” approach shows that the 

physical characteristics, in particular the mesh size, of NPs can be used to aid in the selective 

binding of desired proteins or peptides from a mixture and facilitate medical diagnosis. 

 Nanoparticle applications in protein purification and stabilization 

 The purification of biomarkers from sera indicate that NPs may be useful in 

facilitating medical diagnosis. NPs as purification media for proteins or peptides may also be 

useful in reducing the cost of medical treatments. The use of protein based therapeutics is 

on the rise but is hindered by their high cost. In particular, attaining sufficient purity of 

protein based therapeutics is not trivial. The materials, methods, and time necessary to 

attain sufficient purity add considerable cost to the final product. NPs are inexpensive 

materials that may be readily separated from complex protein mixtures obtained from bio-

synthesis. The potential to tune the chemical and physical properties of NPs means that NPs 
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can be engineered with properties to facilitate purification of protein therapeutics. For 

example, Wang et al. developed and optimized the chemical properties of a poly(ethylene 

glycol methacrylate phosphate) micro-particle that was able to enrich post-translationally 

modified phosphorproteins from milk by centrifugation.35  Also, Yoshimatsu et al. have 

reported that NIPAm based NP-affinity tag pairs can be engineered for NP based affinity 

purification of tagged proteins. This system does not require metal chelation or protein 

based ligands.36 The chemical composition of the polymer NPs used in these cases was 

optimized to provide significant selectivity to the target proteins and clearly indicated that 

NPs with particular chemical compositions can be used to enrich desired proteins from a 

mixture.  

 The physical properties of NPs provide further advantages for protein purification. 

Obviously, the high surface area of NPs will increase the number of potential interactions 

and overall capacity of the material for proteins of interest. Furthermore, NPs generated 

from responsive materials may facilitate both the capture and release of proteins of interest. 

Yoshimatsu et al, optimized a temperature responsive NIPAm NP composition to selectively 

captured and purify lysozyme from chicken egg white.37 As seen in figure 1.12, reducing the 

temperature of the solution after binding lysozyme caused the NPs polymer network to 

expand and release the protein. Furthermore, similar NIPAm NPs were shown to protect 

lysozyme from thermal denaturation38 and aid in the refolding of denatured lysozyme.39 

Overall, these studies indicated that the chemical and physical properties of NPs can be tuned 

to facilitate the capture of proteins from a mixture, protect the proteins during further 

processing or storage, and easily release them prior to use or for further processing. 
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 Nanoparticles as delivery vehicles for therapeutic proteins or peptides 

 Therapeutic strategies which utilize proteins or peptides are attractive options for 

treatments.40 However, their therapeutic effectiveness is hindered by rapid clearance and 

degradation by serum proteases in vivo. Polymer NPs offer an attractive option to circumvent 

these problems. For instance, Mansonn et al. showed that poly(acrylic acid-co-acrylamide) 

NPs could inhibit trypsin degradation of absorbed poly-lysine and horseradish peroxidase 

(HRP).41 The extent of polypeptide protection was dependent on the NPs chemical 

composition. NPs composed of 75-100% acrylic acid completely protected both 

polypeptides from degradation. Also, the enzymatic activity of HRP was not perturbed after 

associating with the NP, indicating that HRP is not denatured upon absorption.  In a more 

Figure 1.12 – (A) Comparison of the heat response of a protein (red) and a NiPAm based polymer NP hydrogel 
(blue). Proteins denature (unfold) in response to heat, whereas the NP hydrogels contract into a collapsed state. 
(B) Illustration of the “autonomous affinity switching” property of NP hydrogels. Figure reproduced from 
reference [38]. Copyright 2014 John Wiley and Sons. 

A) 

B) 
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relevant case, Panitch et al. showed that an anti-inflammatory peptide may be absorbed into 

NIPAm based NPs.42 Without any optimization of the NP for peptide protection, 

approximately 40% of the active peptide remained after incubating the NP-peptide complex 

for 12h in serum.  These results indicate that polymer NPs may provide sufficient protection 

against proteolytic cleavage of polypeptides in physiological environments and that the 

physiochemical properties of NPs may be optimized to provide this protective effect. 

For therapeutic treatment to be effective, proteins must also circulate long enough to 

reach the location of disease. The small size of many proteins and peptides makes them 

susceptible to rapid clearance by the kidneys which are very effective at filtering 

macromolecules <20 nm in size. Also, polypeptides must avoid opsonization which increases 

the likelihood of the protein being sequestered and destroyed by the reticuloendothelial 

system (RES).  The chemical and physical properties of NPs can be readily engineered to 

avoid these clearance mechanisms and increase the circulation time of the absorbed 

proteins. For instance, many synthetic methods exist to generate NIPAm NPs with a size 

between 50 and 200 nm.43 NPs in this size range are able to circumvent clearance by the 

kidneys and are small enough to avoid significant retention in the lungs and other tissues.44 

Also, the surface chemistry of NPs can be modified to reduce opsonization and thereby avoid 

the RES.  Opsonization of NPs generally occurs as a result of the association and denaturation 

of serum proteins at the NPs surface.45 The most common method to reduce clearance by the 

RES is to introduce poly(ethylene glycol) (PEG) to the surface of the NP which provides a 

steric barrier to the adhesion of serum proteins to the NP.46 Clearly, there is substantial 

evidence to suggest that NP delivery vehicles are able to increase the circulation time of 

therapeutic proteins.  
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The final hurdle in achieving therapeutic efficacy of NP delivery vehicles is the release 

of the therapeutic cargo. Release of therapeutic proteins from NIPam NPs may be achieved 

through stimuli induced structural changes of the polymer network. The reversible 

expansion and collapse of a NIPAm based NPs network (see Figure 1.12, B) in response to 

pH, temperature, and light has been extensively studied.  The rearrangement of the NPs 

structure under these stimuli will alter the functional group density, flexibility, and mesh 

size allowing polypeptides to be easily loaded or released. Alternatively, polypeptides may 

be loaded into biodegradable NPs or NPs with degradable crosslinking groups. In many cases 

the degradation of NPs is a result of enzymatic cleavage.47 Disulfide crosslinking is also useful 

in engineering degradable NPs. Panitch et al., used N,N′-bis(acryloyl)cystamine as the 

crosslinking agent in in NIPAm based NPs previously shown to protect an anti-inflammatory 

peptide.48 In the endosome, disulfide crosslinks are readily reduced to free thiols due to the 

low pH and high concentration of glutathione.  Using confocal fluorescent microscopy, the 

degradable NPs loaded with the anti-inflammatory peptide were observed to be readily 

incorporated into endosomes of RAW 264.7 cells. The reducing intercellular environment 

caused the anti-inflammatory peptide to be released and a >50% reduction in the pro-

inflammatory cytokines TNF-α and IL-6 was detected when cells were challenged with 

lipopolysaccharide. Also, the NIPAm based NPs used in this study were polymerized with 

acrylate-PEG2000 and the hydrodynamic diameter was observed to be ≈ 200 nm. Therefore, 

these NPs incorporated the necessary chemical and physical properties to protect the 

therapeutic peptide, increase its circulation time, and release it for an observable therapeutic 

effect. Strong evidence for the therapeutic efficacy of NP delivery vehicles has yet to be 
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established in vivo, but these results provide strong evidence that NPs may be engineered 

with the chemical and physical properties necessary to achieve a desired therapeutic result. 

 

E.  Conclusion 

 The chemical and physical characteristics of NPs can strongly influence the NP-

protein interaction. The selection of hydrophobic, charged, and hydrogen bonding functional 

groups can be used to modify the non-covalent and complimentary interactions between a 

NP and proteins. Also, the flexibility and mesh size of the polymer NP network provides 

further opportunities to engineer the multipoint interactions that occur between NPs and 

proteins. Proper combinations of these chemical and physical characteristics may be used to 

generate desirable levels of affinity, selectivity, and capacity for targeted proteins and 

peptides while attenuating undesirable interactions with other macromolecular species. 

This background provides strong evidence that the chemical and physical properties of 

polymer NPs may be engineered to provide desirable attributes for applications in the 

medical device and biotechnology industries.    

 

 

 

 

 

 

 



31 
 

F.  References 

1. Jain, P.; Huang, X.; Sayed, I.; Sayed, M. Noble Metals on the Nanoscale: Optical and 

Photothermal Properties and Some Applications in Imaging, Sensing, Biology, and Medicine. 

Acc. Chem. Res. 2008, 41, 12, 1578–1586. 

2. (a) Chen, G.; Roy, I.; Yang, C.; Prasad, P. Nanochemistry and Nanomedicine for 

Nanoparticle-based Diagnostics and Therapy. Chem. Rev. 2016, 116, 5, 826–2885. (b) Lin, W. 

Introduction: Nanoparticles in Medicine. Chem. Rev. 2015, 115, 19, 10407–10409. (c) 

Hamidia, M.; Azadia, A.; Rafieia, P. Hydrogel nanoparticles in drug delivery. Advanced Drug 

Delivery Reviews. 2008, 60, 1638-1649. 

3. Franzreb, M.; Herzberg, M.; Hobley, T.; Thomas, O. Protein purification using magnetic 

adsorbent particles. Applied Microbiology and Biotechnology. 2006, 70, 5, 505-516. 

4. (a) Dobson, C.; Šali, A. Protein Folding: A Perspective from Theory and Experiment. 

Angewandte Chemie International Edition. 1998, 37, 7, 868–893. (b) Rose, G.; Geselowitz, A.; 

Lesser, G.; Lee, R.; Zehfus, M. Hydrophobicity of amino acid residues in globular proteins. 

Science. 1985, 229, 4176, 834-838.  

5. Kayitmazer, B.; Seeman, D.; Minsky, B.; Dubin, P.; Yisheng Xu, Y. Protein–

polyelectrolyte interactions. Soft Matter. 2013, 9, 2553-2583. 

6. Welsch, N.; Lu, Y.; Dzubiella, J.; Ballauff, M. Adsorption of proteins to functional 

polymeric nanoparticles. Polymer. 2013, 54, 2835-2849. 

7. Chen, K.; Xu, Y.; Rana, S.; Miranda, O.; Dubin, P.; Rotello, V.; Sun, L.; Guo, X. Electrostatic 

Selectivity in Protein-Nanoparticle Interactions. Biomacromolecules. 2011, 12, 2552–2561. 

8. Chandler, D. Interfaces and the driving force of hydrophobic assembly. Nature. 2005, 

437, 640-647. 



32 
 

9. Lindman, S.; Lynch, I.; Thulin, E.; Nilsson, H.; Dawson, K.; Linse, S. Systematic 

Investigation of the Thermodynamics of HSA Adsorption to N-iso-Propylacrylamide/N-tert-

Butylacrylamide Copolymer Nanoparticles: Effects of Particle Size and Hydrophobicity. Nano 

Lett. 2007, 7, 4, 914–920. 

10. Welsch, N.; Becker, A.; Dzubiellaab, J.; Ballauff, M. Core–shell microgels as ‘‘smart’’ 

carriers for enzymes. Soft Matter. 2012, 8, 1428. 

11. Chen, K.; Rana, S.; Moyano, D.; Xu, Y.; Guo, X.; Rotello, V. Optimizing the selective 

recognition of protein isoforms through tuning of nanoparticle hydrophobicity. Nanoscale. 

2014, 6, 6492. 

12. Srinivasan, K.; Parimal, S.; Lopez, M.; McCallum, S.; Cramer, S. Investigation into the 

Molecular and Thermodynamic Basis of Protein Interactions in Multimodal Chromatography 

Using Functionalized Nanoparticles. Langmuir. 2014, 30, 13205−13216. 

13. Yonamine, Y.; Hoshino, Y.; Shea, K.J. ELISA-Mimic Screen for Synthetic Polymer 

Nanoparticles with High Affinity to Target Proteins. Biomacromolecules. 2012, 13, 

2952−2957. 

14. Zeng, Z.; Patel, J.; Lee, S.; McCallum, M.; Tyag, A.; Yan, M.; Shea, K. Synthetic Polymer 

Nanoparticle–Polysaccharide Interactions: A Systematic Study. J. Am. Chem. Soc. 2012, 134, 

5, 2681–2690. 

15. Welsch, N.; Wittemann, A. Enhanced Activity of Enzymes Immobilized in 

Thermoresponsive Core-Shell Microgels. J. Phys. Chem. B. 2009, 113, 16039–16045. 

16. Dobrovolskaia, M.; Patri, A.; Zheng, J.; Clogston, J.; Ayub, N.; Aggarwal, P.; Neun, B.; 

Hall, J.; McNeil, S. Interaction of colloidal gold nanoparticles with human blood: effects on 



33 
 

particle size and analysis of plasma protein binding profiles. Nanomedicine: Nanotechnology, 

Biology, and Medicine. 2009, 5, 106–117. 

17. Ulrich, S.; Seijo, M.; Stoll, S. The many facets of polyelectrolytes and oppositely charged 

macroions complex formation. Current Opinion in Colloid & Interface Science. 2006, 11, 268–

272. 

18. Boroudjerdi, H.; Naji, A.; Netz, R. Global analysis of the ground-state wrapping 

conformation of a charged polymer on an oppositely charged nano-sphere. Eur. Phys. J. 2014, 

37, 21. 

19. Jonsson, M.; Linse, P. Polyelectrolyte–macroion complexation. II. Effect of chain 

flexibility. J. Chem. Phys. 2001, 115, 23, 10977-10985. 

20. Cooper, C.; Goulding, A.; Kayitmazer, B.; Ulrich, S.; Stoll, S.; Turksen, S.; Yusa, S.; Kumar, 

A.; Dubin, P. Effects of Polyelectrolyte Chain Stiffness, Charge Mobility, and Charge Sequences 

on Binding to Proteins and Micelles. Biomacromolecules. 2006, 7, 1025-1035. 

21. Yigit, C.; Heyda, J.; Ballauff, M.; Dzubiella, J. Like-charged protein-polyelectrolyte 

complexation driven by charge patches. J. Chem. Phys. 2015, 143, 064905. 

22. Capito, F.; Skudas, R.; Stanislawski, B.; Harald Kolmar, H. Polyelectrolyte–protein 

interaction at low ionic strength: required chain flexibility depending on protein average 

charge. Colloid Polym. Sci. 2013, 291, 1759–1769. 

23. Capila, I.; Linhardt, R. Heparin–Protein Interactions. Angewandte Chemie 

International Edition. 2002, 41, 390-412. 

24. Fenley, A.; Adams, D.; Onufriev, A. Charge State of the Globular Histone Core Controls 

Stability of the Nucleosome. Biophys J. 2010, 99, 5, 1577–1585. 



34 
 

25. Hoshino,Y.; Nakamoto, M.; Miura, Y. Control of Protein-Binding Kinetics on Synthetic 

Polymer Nanoparticles by Tuning Flexibility and Inducing Conformation Changes of Polymer 

Chains. J. Am. Chem. Soc. 2012, 134, 15209−15212. 

26. Nakamoto, M.; Yu Hoshino, Y.; Miura, Y. Effect of Physical Properties of Nanogel 

Particles on the Kinetic Constants of Multipoint Protein Recognition Process. 

Biomacromolecules. 2014, 15, 541−547. 

27. Smith, M.; Lyon, A. Tunable Encapsulation of Proteins within Charged Microgels. 

Macromolecules. 2011, 44, 8154–8160. 

28. Johansson, C.; Hansson, P.; Malmsten, M. Mechanism of Lysozyme Uptake in 

Poly(acrylic acid) Microgels. J. Phys. Chem. B. 2009, 113, 6183–6193. 

29. Bysell, H.; Malmsten, M. Visualizing the Interaction between Poly-L-lysine and 

Poly(acrylic acid) Microgels Using Microscopy Techniques: Effect of Electrostatics and 

Peptide Size. Langmuir. 2006, 22, 5476-5484. 

30. Wu, X.; Pelton, R.; Hamielec, A.; Woods, D.; McPhee, W. The kinetics of poly(N-

isopropylacrylamide) microgel latex formation. Colloid Polym. Sci. 1994, 272, 467–477. 

31. Kabanov, V.; Skobeleva, V.; Rogacheva, V.; Zezin, A. Sorption of Proteins by Slightly 

Cross-Linked Polyelectrolyte Hydrogels: Kinetics and Mechanism. J. Phys. Chem. B. 2004, 

108, 1485-1490. 

32. De, M.; Rana, S.; Akpinar, R.; Miranda, O.; Arvizo, R.; Bunz, U.;Rotello, V. Sensing of 

proteins in human serum using conjugates of nanoparticles and green fluorescent protein. 

Nature Chemistry. 2009, 1, 461-465. 

33. Kusolkamabot, K.; Sae-ung, P.; Niamnont, N.; Wongravee, K.; Sukwattanasinitt, M.; 

Hoven, V. Poly(N‑isopropylacrylamide)-Stabilized Gold Nanoparticles in Combination with 



35 
 

Tricationic Branched Phenylene-Ethynylen Fluorophore for Protein Identification. 

Langmuir. 2013, 29, 12317−12327. 

34. Tamburro, D.; Fredolini, C.; Espina, V.; Douglas, T.; Ranganathan, A.; Ilag, L.; Zhou, W.; 

Russo, P.; Espina, B.; Muto, G.; Petricoin, E.; Liotta, L.; Luchini, A. Multifunctional Core-Shell 

Nanoparticles: Discovery of Previously Invisible Biomarkers. J. Am. Chem. Soc. 2011, 133, 

19178–19188. (b) Luchini, A.; Geho, D.; Bishop, B.; Tran, D.; Xia, C.; Dufour, R,; Jones, C.; 

Espina, V.; Patanarut, A.; Zhou, W,; Ross, M.; Tessitore, A.; Petricoin, E.; Liotta, L. Smart 

Hydrogel Particles: Biomarker Harvesting: One-Step Affinity Purification, Size Exclusion, and 

Protection against Degradation. Nano Lett. 2008, 8, 1, 350-361. 

35.  Wang, F.; Zhang, Y.; Yang, P.; Jin, S.; Yu, M.; Guo, J.; Wang, C. Fabrication of polymeric 

microgels using refluxprecipitation polymerization and its application for phosphoprotein 

enrichment. J. Mater. Chem. B. 2014, 2, 2575-2582. 

36. Yoshimatsu, K.; Yamazaki, T.; Hoshino, Y.; Rose, P.; Epstein, L.; Miranda, L.; Tagari, P.; 

Beierle, J.; Yonamine, Y.; Shea K. Epitope Discovery for a Synthetic Polymer Nanoparticle: A 

New Strategy for Developing a Peptide Tag. J. Am. Chem. Soc. 2014, 136, 1194 – 1197. 

37. Yoshimatsu, K.; Lesel, B. K.; Yonamine, Y.; Beierle, J. M.; Hoshino, Y.; Shea, K.. J. 

Temperature-Responsive “Catch and Release” of Proteins by using Multifunctional Polymer-

Based Nanoparticles. Angew. Chem., Int. Ed. 2012, 51, 2405. 

38. Beierle, J.; Yoshimatsu, K.; Chou, B.; Mathews, M.; Lesel, B.; Shea, K. Polymer 

Nanoparticle Hydrogels with Autonomous Affinity Switching for the Protection of Proteins 

from Thermal Stress. Angew. Chem. Int. Ed. 2014, 53, 9275 –9279. 



36 
 

39. Nakamoto†, M.; Nonaka†, T.; Shea, K.; Miura†, Y.; Hoshino, Y. Design of Synthetic 

Polymer Nanoparticles That Facilitate Resolubilization and Refolding of Aggregated 

Positively Charged Lysozyme. J. Am. Chem. Soc. 2016, 138 (13), pp 4282–4285. 

40. Leader, B.; Quentin, J.; Baca, Q.; Golan, D. Protein therapeutics: a summary and 

pharmacological classification. Nat. Rev. Drug Discov. 2008, 7, 1, 21-39. 
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Chapter 2: Engineering Nanoparticle Antitoxins Utilizing Aromatic 

Interactions 

 

A. Introduction 

Synthetic polymer nanoparticles with engineered affinity and selectivity to 

biomacromolecule targets have been developed for potential applications in protein 

purification,1 and diagnostics.2 The ability of NPs to bind, protect, and transport polypeptides 

indicates that the materials may also be useful in the delivery of therapeutic 

biomacromolecules.3 Furthermore, our group has recently proposed that NPs with 

engineered affinity and selectivity may be used as abiotic affinity reagents that mimic the 

function of antibodies. Over the past decade manufactured antibodies have become valuable 

tools in biotechnology and medicine. NPs that function as “plastic antibodies” may offer a 

low cost abiotic alternative in applications were antibodies are used. For example, NPs have 

been developed that bind and sequester the toxic peptide melittin (Figure 2.1), the primary 

component of bee venom.4 Melittin is an amphiphilic peptide that forms transmembrane 

pores in cells, resulting in cell lysis. To bind and sequester melittin, NPs composed primarily 

of N-isopropylacrylamide (NIPAm) were copolymerized with charged acrylic acid (AAc) and 

tert-butylacrylamide (TBAm). The hydrophobic TBAm and anionic AAc monomers were 

selected to compliment the cationic and hydrophobic amino acids of melittin and the ratio of 

each functional monomer was systematically optimized to produce materials with a nM 

affinity for the toxin. NPs with high affinity for melittin were found to effectively sequester 
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the toxin in the blood of living mice, deliver the toxin to the liver for degradation, and thereby 

increase the survival of mice injected with lethal doses of melittin.  

The melittin work provides a proof of concept that abiotic affinity reagents can effectively 

function within a complex biological environment, and that these materials can be 

engineered to sequester targeted biological toxins. However, the range of monomers 

selected for this work was small and limited the compositional space of NPs which were 

generated.  Expanding the monomer library to include additional noncovalent interactions 

with which to generate complimentary binding will be necessary to generate strong affinity 

and selectivity to other biomacromolecular targets. Interestingly, aromatic residues are 

disproportionally represented at the protein-protein interface, and the interactions of these 

residues contribute significantly to the affinity and specificity of the interaction.5 Indeed, 

enhanced affinity and selectivity between biomacromolecules has been demonstrated by 

introducing π-π stacking, π-cation interactions, and pentafluorophenyl rings to induce 

quadropole interactions.6 In this section, the optimization of bio-selective affinity between 

synthetic polymer nanoparticles (NPs) and an aromatic rich peptide toxin, phenol-soluble 

Figure 2.1 – (A) Apparent binding constant between melittin and NPs of different compositions obtained from 
a 27-MHz quartz crystal microbalance. Red spots indicate NPs that did not show melittin binding. Blue spots 
indicate polymers that precipitated during polymerization or purification. (B) Survival rate of mice 24 h after 
intravenous injection of melittin, followed with (green) or without (blue) administration of 30 mg kg−1 of a 
40/40 TBAm/AAc NP. 50% lethal doses (LD50) of each condition are printed on the 50% surviving line. 
Reproduced from reference [4a]. Copyright 2010 National Academy of Sciences. 

A) B) 
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modulin α3 (PSMα3) is described. Bio-selective affinity to PSMα3 is achieved by including 

complimentary aromatic residues in the NP. The contribution of aromatic interactions to 

PSMα3 affinity is evaluated and an optimized NP containing aromatic functional groups is 

shown to function as an antitoxin in vitro.  

 

B. Monomer Selection and Nanoparticle Library  
 

PSMα3 is one of many phenol-soluble modulins (PSMs) secreted by Methicillin resistant 

Staphylococcus aureus (MRSA).7 PSMs have been implicated as key components in the 

pathogenicity of MRSA, and are important contributors to biofilm maturation and 

dissolution.8 Some PSMs are cytotoxic, and PSMα3 in particular has proven to be a significant 

contributor to the lysis of human polymorphonuclear neutrophils (PMNs); key players in 

host immune response.7,9 The structure of PSMα3 (formyl- MEFVAKLFKFFKDLLGKFLGNN) 

contains 5 phenylalanine’s and a number of charged residues which are likely to interact 

with the aromatic moieties of a NP (Scheme 2.1). In this work, N-phenylacrylamide (PAA) 

and pentaflourophenyl acrylamide (5FPAA) monomers were chosen to complement these 

aromatic and charged residues. For comparison, NPs containing N-tert-butylacrylamide 

(TBAm) were synthesized to investigate the contribution of hydrophobic interactions in the 

absence of aromaticity. PSMα3 has an isoelectric point of 10, so the acrylic acid monomer 

was incorporated to generate an electrostatic interaction between the NPs and the net 

positive charge of PSMα3 at physiological pH. Finally, the remaining composition of the NPs 

is made up of N-isopropyl acrylamide (NIPAm) and 2 mol% of N,N′-methylene-

bis(acrylamide) (BIS). NIPAm and low amount of BIS cross-linker were selected to generate  
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Scheme 2.1. Selected acrylamide monomers and polymerization conditions used to 
generate NPs. Monomers were chosen for the potential supramolecular interactions 
(magenta) that may occur between PSMα3 (red) and the polymer (blue). 
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Table2.1: Monomer feed ratios used for polymerization and resulting hydrodynamic 
diameter, polydispersity, and yield for the NP library used. 

 
a hydrated and flexible polymer network capable of encapsulating and conforming to the 

target biomacromolecule.10 

The affinity of synthetic polymers to biomacromolecules is a function of both the amount 

and the type of functional monomer.4 Therefore, a library of NPs was generated to evaluate 

the contributions of the selected functional monomers (Table 2.1). Polymer NPs were   

synthesized via a modified aqueous precipitation polymerization of acrylamide monomers 

as previously reported by Kokufuta et al.,11 Lyon et al.,12 and Shea et. al.4 The 

pentafluorophenyl monomer 5FPAA has limited aqueous solubility, so NPs containing 

5FPAA were copolymerized with TBAm to generate materials with comparable hydrophobic 

monomer feed ratios to other NPs. The synthesized NPs were purified by dialysis and in all  

 

Polymer Functional Monomer Feed [mol%][a] Hydrodynamic[b

] 
PDI[c] % yield 

 PAA tBam 5FPAA Aac diameter (nm)   

NP 1 
NP 2 
NP 3 
NP 4 
NP 5 
NP 6 
NP 7 
NP 8 
NP 9 

NP 10 
NP 11 
NP 12 
NP 13 
NP 14 
NP 15 
NP 16 

- 
- 
- 
- 

20 
20 
20 
20 
40 
40 
40 
40 
- 
- 
- 
- 

40 
40 
40 
40 
- 
- 
- 
- 
- 
- 
- 
- 

20 
25 
30 
35 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

20 
15 
10 
5 

20 
10 
5 
0 

20 
10 
5 
0 

20 
10 
5 
0 

20 
20 
20 
20 

85 ± 1 
73 ± 1 
71 ± 1 
74 ± 2 

100 ± 2 
110 ± 4 
127 ± 7 
109 ± 6 
74 ± 1 
88 ± 4 

108 ± 4 
85 ± 4 
70 ± 1 
72 ± 2 
75 ± 3 
85 ± 3 

0.18 ± 0.01 
0.06 ± 0.01 
0.05 ± 0.01 
0.04 ± 0.02 
.063 ±. 009 
.036 ± .017 
.071 ± .005 
.042 ± .005 
.064 ± .012 
.081 ± .021 
.087 ± .018 
.042 ± .012 
.010 ± .010 
.040 ± .020 
.020 ± .030 
.040 ± .040 

95 
76 
88 
86 
80 
68 
85 
78 
58 
68 
57 
65 
66 
69 
65 
66 

[a] – feed ratios also contained 2 mol% BIS and x% NIPAM. 

[b,c] – deviations represent three separate measurements in nanopure water.  
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Table 2.2: Relative % incorporation of monomers in the TBAm, PAA, and 5FPAA NPs as 
compared to the theoretical values. 

 Relative % Theoretical % 
          

Polymer NIPAm  TBAmc  Aaca NIPAm  TBAmc  Aaca 
NP 1 37 41 20 38 40 20 
NP 2 49 39 10 48 40 10 
NP 3 53 40 5 53 40 5 
NP 4 62 36 0 58 40 0 

          
 NIPAm  PAAc Aaca NIPAm  PAAc Aaca 

NP 5 29 49 20 20 58 20 
NP6 32 56 10 20 68 10 
NP 7 34 59 5 20 73 5 
NP 8 33 65 0 20 78 0 
NP 9 49 29 20 40 38 20 

NP 10 49 39 10 40 48 10 
NP 11 55 38 5 40 53 5 
NP 12 48 50 0 40 58 0 

          
 NIPAm TBAmc 5FPAAb NIPAm TBAmc 5FPAAb 

NP 13 28 18 32 38 20 20 

NP 14 30 24 24 38 25 15 
NP 15 34 28 16 38 30 10 
NP 16 36 33 8 38 35 5 

cases stable colloidal dispersions were obtained in good yields. The size of NPs in 

precipitation polymerizations can be controlled with the addition of surfactants. In this  

work sodium dodecyl sulfate (10 mg/mL) was added to reproducibly (±10 nm) generate 

monodisperse NPs with hydrodynamic diameters of ~100 nm. Monomer incorporation 

ratios were obtained by 1H NMR and 19F NMR analysis of NP solutions (Table 2.2). The results 

indicated that NPs synthesized with the PAA monomer contained ~10 mol% higher PAA  

a. Actual incorporation of Aac and BIS are assumed to be equal to the theoretical.  
b. 2,2,2-triflouroethanol (8 μL) was used to determine relative mol % of each monomer in NPs 13-16 

via 19F NMR and 1H NMR. 
c. Incorporation of TBAm and PAA was determined relative to NIPAM in NPs 1-12 via 1H NMR. 
**The theoretical values are based on the feed ratio of each monomer.  
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than expected from the feed ratio. Higher incorporation of 5FPAA was also observed for 

some NPs. Finally, in all cases, the TBAm/NIPAm ratio correlated well with that expected 

from the feed ratio. 

 

C. Neutralization of PSMα3 with Polymer Nanoparticles 
 

PSMα3 is an amphiphilic alpha-helical peptide capable of disrupting cellular membranes 

and synthetic vesicles.7,13 Therefore, an initial evaluation of the interaction between PSMα3 

and the NPs was conducted using a hemolytic assay. The amount of hemoglobin released 

from bovine red blood cells (RBCs) served as a qualitative measure of PSMα3 activity, and 

was used to screen the NP library for those with high affinity to PSMα3.  As depicted in 

scheme 2.2, NPs (0 to 150 μg/mL) were distributed in a 96 well plate and preincubated with 

PSMα3 (20 μM; 53 μg/mL) in PBS at 35 °C for 30 min. RBCs, warmed to 35 °C, were added to  

Scheme 2.2 - Schematic of the hemolytic assay. Nanoparticles and PSMα3 are mixed in 
buffered nanopure water and incubated at 35 °C. Red blood cells are added and 
subsequently lysed by any free PSMα3. The contents are subjected to centrifugation and 
the supernatant is analyzed for the amount of hemoglobin released by cell lysis. 
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Figure 2.2 - Neutralization of PSMα3 (20 μM; 53 μg/mL) induced hemolysis by NPs containing 40% (A) or 20% 
(B) PAA at the indicated concentrations. The percent neutralization was calculated from the hemoglobin 
released from RBCs relative to controls without PSMα3 or NPs. The data represents the mean ± standard 
deviation of n=6 trials. 

A) 

B) 
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Figure 2.3 - Neutralization of PSMα3 (20 μM; 53 μg/mL) induced hemolysis by NPs containing 5FPAA and 
TBAm (A) or TBAm alone (B) at the indicated concentrations. The percent neutralization was calculated from 
the hemoglobin released from RBCs relative to controls without PSMα3 or NPs. The data represents the mean 
± standard deviation of n=6 trials. 

A) 

B) 
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each well and incubated for an additional 30 min. After centrifugation, the amount of 

hemoglobin released from PSMα3 induced cell lysis was determined by the absorbance of 

hemoglobin in the supernatant at 418 nm. The underlying assumption is that PSMα3 

sequestration by a NP will reduce the amount of membrane disruption. A significant 

variation in the neutralization of PSMα3 by NPs in the library was noted (Figure 2.2 and 2.3). 

An increase of Aac from 0 to 20% in the feed ratio resulted in increased neutralization of 

PSMα3 for NPs containing 40% TBAm and 20 or 40% PAA. High levels of neutralization were 

also observed for NPs containing 5FPAA, all of which contained 20% Aac. The correlation 

between increasing neutralization and Aac mol% indicates that there is a significant 

electrostatic contribution in the NP-PSMα3 interaction. Also, an increase in neutralization 

was observed when the mol% of PAA was increased from 20 to 40%, thereby indicating that 

increasing the hydrophobicity of the NP will also positively contribute to the formation of 

the NP-PSMα3 complex.   

The most important trend observed in the neutralization data is that an increase of 

the aromatic monomers PAA and FPAA in the feed ratio also lead to an increase in PSMα3 

neutralization, and a significantly higher neutralization was observed for all polymers 

containing aromatic monomers compared to those containing only the hydrophobic TBAm 

monomer. In fact, NPs 13-16 contain both 5FPAA and TBAm and the TBAm content has been 

systematically replaced with 5 to 20% 5FPAA. The results show that replacing the 

hydrophobic TBAm monomer with 5FPAA significantly increases PSMα3 neutralization by 

the NP. The difference in neutralization between NP1 and 16 is particularly important. NP 1 

contains 40:20 TBAm:AAc and NP 16 contains 35:20:5 TBAm:AAc:5FPAA. They are similar 

in composition except for NP16 having 5 mol% TBAm replaced with 5FPAA in the monomer  
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Figure 2.4 – (A) Amount of hemoglobin (.5 mg/mL) remaining in solution after mixing with NPs (150 μg/mL) 
and centrifuging (3000 rpm). The results indicate that NPs do not bind, aggregate, and remove hemoglobin 
from the supernatant. % hemoglobin in solution was determined by absorbance at 418 nm and normalized to 
the control with no NPs. (B) Results of the MTT assay on HL60 cells subjected to PSMα3 at various 
concentrations. Triton X was used to generate the positive control. Error bars represent the deviation for 3 
separate trials. From this result 20 μM PSMα3 was selected for subsequent experiments. 

0

20

40

60

80

100

120

PBS NP13 NP5 NP9 NP1 noNP

%
 H

em
o

g
lo

b
in

-20

0

20

40

60

80

100

120

140

C+ C- 10 20 30 40

%
 H

L
6

0
 S

u
rv

iv
a

l

PSMα3 (μM)

A) 

B) 



49 
 

 

Figure 2.5 – (A) Survival of HL60 cells after incubation with PSMα3 (20 μM; 53 μg/mL) and NPs (100 μg/mL). 
Percent of viable cells was determined with an MTT assay and normalized to controls without PSMα3 or NPs. 
Cell viability of HL60 cells incubated with NPs (100 μg/mL). % cell survival was determined by the MTT assay 
and normalized to the control with no NPs. None of the NPs examined contribute to cell lysis (B).The data 
represents the mean ± standard deviation of n=6 trials. 
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feed. This slight difference in NP composition resulted in a >20% increase in PSMα3 

neutralization by NP 16 compared to NP1. This suggests that the introduction of aromatic 

interactions has a significant impact on the sequestration of PSMα3 by NPs.   

Results of the hemolytic assay screen suggest that NPs with 20% AAc and high 

amounts of hydrophobic or aromatic monomers have the greatest affinity for PSMα3. 

Therefore, NPs 1, 5, 9, 13 were selected for further study. A control established that these 

NPs themselves did not contribute to the removal of hemoglobin in the supernatant (Figure 

2.4, A). To evaluate the effectiveness of these NPs to neutralize PSMα3 without 

preincubation, and in the presence of living cells, a cell viability assay was conducted with 

human promyelocytic leukemia cells (HL60). HL60 cells were selected due to the lineage 

they share with PMNs and other granulocytes, and serve as a model of the immune cells 

routinely used to study PSMα3 toxicity. 

Washed HL60 cells (≈200,000 per well) in a 96 well plate were mixed with PSMα3 

(20 μM) and NPs 1, 5, 9, and 13 (100 μg/mL). The amount of PSMα3 used was selected after 

confirming that this concentration results in almost complete loss of cell viability (Figure 2.4, 

B). After incubation for 30 min in PBS at 35 °C, the cells were pelleted and washed with 

media. Cell survival was then determined with the MTT assay and % cell survival was 

calculated relative to the controls (figure 2.5, A). NPs themselves were not observed to alter 

cell viability under the examined conditions (figure 2.5, B). The almost complete cell survival 

observed with NPs 9 and 13 indicated significant neutralization of PSMα3 by these NPs.  

Interestingly, HL60 survival was lower than expected for NPs 1 and 5, when compared to the 

hemolytic assay conducted with a similar NP concentration. This result may be due to the 

procedural differences between the two assays. In the hemolytic assay, NPs and PSMα3 were 
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incubated prior to addition of RBCs, whereas no preincubation was conducted in the HL60 

cell viability assay. In the latter case, formation of the NP-PSMα3 complex must compete with 

the mechanism of PSMα3 induced cell lysis, and it appears that NP 1 and 5 are less effective 

at sequestering PSMα3 under these conditions.  However, HL60 cells incubated with NP 5 

have a higher survival rate than those incubated with NP 1. The increased survival rate of 

HL60 cells incubated with NPs containing aromatic monomers compared to that of NP 1 

supports our observations from the hemolytic assay and implies that the incorporation of 

aromatic monomers imparts a greater affinity to PSMα3. 

B) 

D) 

A) 

C) 

Figure 2.6 - Raw QCM data representing the physiosorbtion of NPs 9 (A) and 13 (B). Large vertical lines 
represent removal of the cells and washing. Also, raw QCM data for the systematic injections of PSMα3 to QCM 
cells functionalized with NPs 9 (C) and 13 (D) is shown. Each downward spike represents an injection point 
and injections of each substance are repeated until no significant frequency change is observed.  
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D. Evaluating NP-PSMα3 Affinity: Quartz Crystal Microbalance (QCM) 
 
The affinity between PSMα3 and the most effective NPs, 9 and 13, was evaluated by a 

27 MHz quartz crystal microbalance (QCM) at room temperature. Immobilization of the NPs 

by physiosorbtion was monitored by QCM until saturation was reached in PBS (Figure 2.6). 

QCM cells were then washed and no change in frequency was observed that may indicate NP 

removal from the surface. The cells were then filled with PBS and PSMα3 (aqueous 1 mg/mL) 

was injected to generate a binding isotherm (Figure 2.7). The Langmuir equation was used 

to fit the isotherms generated with NPs 9 and 13, and gave Kd’s of 1.59 μM or 1.61 μM 

respectively. Saturation of the immobilized NP 1 with PSMα3 was not observed within the 

range of concentrations examined, and this data could not be fit with the Langmuir equation. 

However, the data does indicate that NPs 9 and 13 have a higher affinity for PSMα3 than that 

Figure 2.7 - Absorption isotherms generated by the interaction between PSMα3 and surface immobilized NPs 

monitored by a 27MHz QCM. The Langmuir fit of NP 9 (dashed line) and NP 13 (solid line) resulted in calculated 

Kd’s of 1.59 μM or 1.61 μM, respectively. The data represents the mean ± standard deviation of n=6 trials. 
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of NP 1. The frequency change of the QCM experiment is proportional to the mass absorbed 

on the surface of the cell and at all concentrations examined a greater absorption of PSMα3 

was observed for NPs 9 and 13 when compared to NP 1. Therefore, we may conclude there 

is a stronger interaction between PSMα3 and NPs containing aromatic PAA or 5FPAA 

monomers compared to TBAm alone. 

The affinity between PSMα3 and NPs 9 and 13 is similar. This result is somewhat 

unexpected considering the hemolytic assay shows a significant difference in neutralization. 

However, the magnitude of the frequency change at saturation for NP 13 is twice that of NP 

9, indicating that NP 13 has a higher capacity for PSMα3 than NP 9. The higher capacity 

observed for NP 13 in QCM is consistent with the data obtained in the hemeolytic assay, in 

which 75% neutralization of PSMα3 by NP 13 was observed compared to 65% neutralization 

by NP 9 at the same concentration.  

 

E. Competitive Binding Study: HSA and PSMα3 
 
NP efficacy in vitro and in vivo is challenged by nonspecific interactions of NP’s with 

other biomacromolecules present in serum. NIPAm based nanomaterials can acquire a 

protein corona in vivo, with a significant portion of the initial coronal composition being 

composed of the highly abundant serum protein albumin.14 The affinity of human serum 

albumin (HSA) to NIPAm NPs containing various amounts of TBAm was reported by Linse et 

al. to be 2 µM, which is similar to that reported here from PSMα3.15 To determine if the 

interaction between HSA and a NP hinders neutralization of PSMα3, a hemolytic assay was 

conducted in the presence of HSA. NP’s 9 and 13 were preincubated with either HSA or  
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Figure 2.8 - Results of the red blood cell assay for NPs 9 (A), 13 (B), PSMα3, and HSA. Dark bars represent 
incubation of HSA and NPs prior to incubation of PSMα3, while light bars represent HSA incubation after NP 
incubation with PSMα3. Percent neutralization of PSMα3’s capacity to lyse red blood cells was determined by 
the absorbance of hemoglobin at 418 nm. A slight decrease in neutralization occurred when HSA was incubated 
with NP9 before addition of PSMα3. HSA had no observable effect on NP13’s ability to sequester PSMα3. Note: 
the amount of HSA used .67, 2.68, and 10.72 mg/mL provides a molar concentration of HSA equal to, double, 
and four times (respectively) that of PSMα3.  
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PSMα3, and subsequently incubated with PSMα3 or HSA respectively. After the second 

incubation RBCs were introduced to the mixture and the neutralization of PSMα3 was 

determined by the release of hemeoglobin. The results indicated that the interaction 

between HSA and NP 13 had no effect on neutralization (Figure 2.8). Also, no change in 

neutralization was observed when incubation of NP 9 with PSMα3 was done prior to HSA 

addition. However, when NP 9 was incubated with HSA prior to the introduction of PSMα3, 

a 10% decrease in neutralization was observed. The affinity between HSA and NP 9 and 13 

was evaluated by QCM and determined to be 3.38 and 3.30 μM, respectively. The HSA affinity 

is similar to that of PSMα3, but in the competition studies, did not significantly alter the 

neutralization. The selectivity of NP 13 for PSMα3 in the presence of an abundant serum 

protein, HSA, suggests that this NP may potentially be used as an antitoxin therapy in vivo.   

The 5FPAA monomer was incorporated in NPs 13−16 to determine if qudrupole 

interactions between 5FPAA and PSMα3 would enhance the affinity and selectivity of these 

NPs. Gao et al. has observed that the quadrupole interactions between pentafluorophenyl 

functional groups and phenylalanine significantly enhance the strength and selectivity of 

protien−protien interactions.16 A similar enhancement in the NP-PSMα3 interaction was 

anticipated due to the high number of phenylalanine residues in PSMα3. Indeed, the 

difference in neutralization between NPs 1, 5, and 16 in the hemolytic assay support the 

suggestion that fluorinated aromatics can result in an enhanced interaction with aromatic 

containing peptides. The selectivity of NP 13 for PSMα3 in the presence of HSA supports that 

this functional group may also enhance selectivity. However, the similar affinity of NPs 13 

and 9 observed by QCM is not consistent with this result. The compositional difference 

between the two NPs may preclude simple explanations for differences in performance in 
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these diagnostics. In addition to presenting different functional groups for interaction with 

the peptide, the compositional change also produces NPs that can have different physical 

properties such as the degree of polymer chain solvation and peptide penetrability. Greater 

accessibility of the polymer matrix to PSMα3 would account for the higher observed capacity 

of NP 13 when compared to NP 9. It may just be coincidence that the average affinity of NP 

13 is similar to that of NP 9. 

 

F. Conclusion 

In conclusion, an approach to design a synthetic polymer NP that binds with high affinity 

and selectivity to the toxic peptide PSMα3 was demonstrated. It was shown that the 

introduction of aromatic monomers results in NPs with higher affinity to the target peptide.  

The abiotic synthetic polymer NP is shown to neutralize the toxin in vitro and neutralization 

was independent of the presence of an abundant serum protein with similar nonspecific 

affinity. These results provide further evidence that NPs may be useful in neutralizing toxins 

introduced by venomous species or to mitigate the virulence of pathogenic bacteria in vivo.  

However, the effective application of any abiotic nanomaterial in vivo is challenging due to 

their biocompatibility and biodistribution. Efforts to address these challenges by 

engineering NPs to include degradable cross-linking and polyethylene glycol (PEG) 

monomers are currently under evaluation by our research group. More importantly, these 

results also demonstrate that differences in affinity and capacity may be engineered for 

target biomacromolecules through rational selection of simple functional monomers and 

their feed ratios. Our results indicate that aromatic moieties are important contributors to 

the NP−biomacromolecule interaction and NPs with these functional groups may be 
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engineered for recognition of biomarkers, purification of biomacromolecules, or regulating 

biological interactions in vitro. These materials would offer a low cost alternative to 

biological affinity agents (antibodies, recombinant proteins, etc.) for biotechnology 

applications. 
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G. Experimental 

 Materials 

The following materials were obtained from commercial sources: N-

isopropylacrylamide (NIPAm), ammonium persulfate (APS),and N-phenylacrylamide (PAA) 

were from SIGMA-ALDRICH Inc.; acrylic acid (AAc), sodium dodecyl sulfate (SDS), and 

hydroxybenzotriazole (HOBt) were from Aldrich Chemical Company, Inc.; N,N’-

methylenebisacrylamide (BIS) and N,N′-diisopropylcarbodiimide(DIC) were from Fluka; N-

t-butylacrylamide (TBAm) was from ACRŌS ORGANICS. Amino acids were purchased from 

NovaBiochem, Inc. NIPAm was crystalized from hexanes before use and acrylic acid was 

distilled and stored at 0 °C. Other chemicals were used as received. All water used was 

purified using a Barnstead Nanopure Diamond TM system. Mass spectroscopy was 

conducted with an Applied Biosystemssciex TOF/TOF 5800. Analytical HPLC traces utilized 

a Hewlet Packard series 1100 with an Agilent eclipse C18 column (5µm, 4.6×100mm). 

Preparatory HPLC utilized a Millipore waters 600 with an Agilent C18 column (10µm, 

24.2×250mm). Nanoparticle size and polydispersity was determined with a 

MelvernZEN3600 dynamic light scattering instrument. 

 Procedures 

N
H

O
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NH2
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Cl

DMAC

0 to 25 oC

 

Synthesis of 2,3,4,5,6-pentaflourophenyl acrylamide (5FPAA). The synthetic 

procedure is similar to that reported by Cvetovich, R. and DiMichele, L.17 2,3,4,5,6-

Pentafluoroaniline (.027 mols; Sigma-Aldrich) was dissolved in N,N-dimethylacetamide (10 
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mL) and cooled to 0 °C in mechanically stirred round-bottom flask equipped with a nitogen 

inlet and an aqueous 3 M NaOH scrubber. Acryloyl Chloride (.027 mols; Sigma-Aldrich) was 

added dropwise at 0 °C and allowed to come to r.t. over 4 h. [Note: the atmosphere above the 

reaction contains HCl, and the reaction should be vented to a scrubber.] The reaction was 

quenched with nanopure water (75 mL) added dropwise over 1 h. The resulting white 

precipitate was filtered and recrystallized from N,N-dimethylacetamide/H2O (1:1, v/v) to 

yield 4.8 g of white crystals (Yield: 74%). 1H NMR (400 MHz) CDCl3: δ 7.08 (s, 1H), 6.51 (dd, 

J = 16.8, 1.2 Hz, 1H), 6.35 (dd, J = 17.2,10.4 Hz, 1H), 5.92 (dd, J = 10.2, 1.2 Hz, 1H). 19F NMR 

(400 MHz) CD3OD: δ -144.6 (m, 2F), -156.2 (quint, 1F), -162.2 (t, 2F). 1H-decoupled 13C NMR 

(400 MHz) CD3OD: δ 165.2 (C=O), 129.0 (CO-C=C), 128.4 (CO-C=C), 29.3 (-N-C). Expected 

mass [M+H]+ : 238.0291, Mass found: 238.0289. 

Preparation of polyacrylamide nanoparticles.  Stock solutions of NIPAM (X mol%), 

AAc (Y mol%), and BIS (2 mol%) were made by dissolving in nanopure water. The aromatic 

monomer or tBam (Z mol%) stock solution was also made by dissolving in ACN, or Ethanol 

respectively. Amount of organic solvent used to dissolve the hydrophobic monomers was 

limited such that the final volume added to the reaction mixture was 600 μL. All, monomers 

were filtered through a 0.2 micron syringe filter and added in the necessary ratios to 

generate a total monomer concentration of 65 mM in 50 mL of nanopure water. SDS (1 mL, 

10 mg/mL in nanopure water) surfactant was also added to each reaction. The solutions 

were degassed for 30 min with nitrogen while stirring and the reactions were initiated with 

ammonium persulfate (1 mL, 30 mg/mL in nanopure water). The reaction was carried out 

under a nitrogen atmosphere with gentle stirring for 3 h at 60 °C. The polymer solutions 
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were then purified by dialysis against an excess amount of deionized water, changed twice 

daily for four days. 

Characterization of polyacrylamide nanoparticles. The yield of NPs was 

determined by measuring the weight of NPs obtained after lyophilisation and compared to 

the total mass of monomer used. The hydrodynamic diameter and polydispersity of NPs was 

determined in aqueous solutions (25 ± 0.1 °C) with a dynamic light scattering (DLS) 

instrument equipped with the zetasizer software Ver. 6.12 (Zetasizer Nano ZS, Malvern 

Instruments Ltd). Measurements were taken in triplicate. The refractive index of acrylamide 

beads was used as standard and all DLS data meets quality criteria set by Malvern. The 

intensity-weighted average diameters of all three analyses were averaged and listed in table 

2. 

 

Preparation of PSMα3.The peptide was synthesized on an Advanced Chemtec Apex 

396 peptide synthesizer, using standard SPPS Fmoc protocol. In general, 3 mM solutions of 

amino acids were made with a solution of 3 mM HOBt in NMP. The couplings were activated 
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with N,N′-diisopropylcarbodiimide (20% in NMP) and the reaction time was set at 90 min 

with ≈10 equivalents of the amino acid. Fmoc was removed with 25% piperdine in DMF (1.4 

mL) for two cycles at 8 min. The peptide was cleaved from the resin (H-Asn(Trt)-HMPB 

NovaPEG resin, Novabiochem) by subjecting 100 mg resin to the cleavage solution (1 mL; 

94%TFA, 2.5%H2O, 2.5%EDT, 1%TIPS), and allowed to stand for 2 h.  The peptide was then 

precipitated in ether, rinsing the resin once with TFA (0.5 mL). The mixture was subjected 

to centrifugation, the supernatant was decanted off, and the pellet suspended in cold ether. 

The pellet was washed twice in ether, centrifuged, allowed to dry, and analyzed by HPLC (0% 

to 100% ACN/H2O in 30 min, λ=220 nm). The peptide eluted at 29 min. After purifying with 

preparatory HPLC (20% to 100% ACN/H2O in 45 min, λ=220 nm), the correct mass of the 

peptide was verified via MALDI TOFF, using α-Cyano-4-hydroxycinnamic acid matrix. 

Calculated mass of 2635.17 was found 2634.9 M/Z. 

Hemolytic assay. Bovine red blood cells (RBCs; Lampire Biological Laboratories, 

Pipersville, PA) are washed with phosphate-buffered saline (PBS; 35 mM phosphate 

buffer/0.15 M NaCl, pH 7.3), collected by centrifugation (10 min, 3000 rpm), and then 

resuspended in PBS. Washing was repeated three times or until supernatant was sufficiently 

clear. In a 96 well v-bottom plate, PSMα3 (20 µM final concentration) was preincubated with 

NPs (25-150 μg/mL) for 30 min at 35 °C in PBS. RBC’s warmed to 35 °C were then added to 

the mixture to give a final volume of 200 µL (final concentration RBC’s, 3% v/v). The 

resulting suspensions were incubated at 35 °C for 30 min. Samples were then centrifuged at 

3000 rpm for 5 min, and the supernatant (100 μL) transferred to a second 96 well plate. 

Release of hemoglobin was monitored by measuring the absorbance of the supernatant at 

418 nm (Asample) on a plate reader. Controls for 0 and 100% neutralization consisted of RBC 
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incubation with 20 µM PSMα3 without NPs (Apsm) and a RBC suspension without PSMα3 and 

NPs (Anopsm), respectively. The percentage of neutralization was calculated with;  

(Asample -APSMα3 )/(AnoPSMα3 -APSMα3 ) X 100=% Neutralization 

Hemolytic assay with HSA. Bovine red blood cells (RBCs; Lampire Biological 

Laboratories, Pipersville, PA) are washed with phosphate-buffered saline (PBS; 35 mM 

phosphate buffer / 0.15 M NaCl, pH 7.3), collected by centrifugation (10 min, 3000 rpm), and 

then re-suspended in PBS. Washing was repeated three times or until supernatant was 

sufficiently clear. In a 96 v-bottom well plate, PSMα3 (20 µM final concentration) or HSA (0, 

10.72, 2.68, or .67 mg/mL) were preincubated with NPs (.15 mg/mL) for 30 min at 37 °C in 

PBS. Then HSA (0, 10.72, 2.68, or .67 mg/mL) or PSMα3 (20 µM final concentration) were 

added respectively and further incubated for 1hr at 35 °C in PBS. RBC’s warmed to 35 °C 

where then added to the mixture to give a final volume of 200 µL (final concentration RBC’s, 

3% v/v). The resulting suspensions were incubated at 35 °C for 30 min. Samples were then 

centrifuged at 3000 rpm for 5 min, and the supernatant (100 μL) transferred to a second 96 

well plate. Release of hemoglobin was monitored by measuring the absorbance of the 

supernatant at 418 nm (Asample) on a plate reader. Controls for 0 and 100% neutralization 

consisted of RBC incubation with 20 µM PSMα3 without NPs (Apsm) and a RBC suspension 

without PSMα3 and NPs (Anopsm), respectively. The percentage of neutralization was 

calculated as before. 

Reduction of hemoglobin absorbance in presence of NPs. Hemoglobin (140 μL; 1 

mg/mL stock in PBS) was mixed with NPs (60 μL; 500 μg/mL stock in PBS) in an eppindorf 

tube. The mixtures were incubated at 35 °C for 30 min and centrifuged at 3000 rpm. 
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Absorbance of hemoglobin was read at 418 nm and % hemoglobin was calculated relative to 

the controls. 

Preparation/Passage of HL60 cells. HL60 cells were reactivated from 

cryopreservation. A 1 mL aliquot with approximately 5x106 cells was thawed from cryogenic 

storage by warming in the hand for 5 to 10 min. The cell solution was diluted to 5 mL with 

RPMI 1640 media and centrifuged for 5 min at 1500 rpm. After removing the supernatant, 

the cells were transferred to a HEPA filter equipped culture flask and diluted to 10 mL with 

RPMI 1640 media containing 1 mmol/L L-glutamine, supplemented with 20% (v/v) fetal 

bovine serum (FBS), and 1% (w/v) Penicillin/Streptomycin. The media was warmed to 35 

°C prior to dilution, and the cells were then incubated at 35 °C in a humidified 5% CO2 

incubator. After three days the cells were passaged by diluting 1 mL of the previous culture 

to 10 mL with supplemented media. Cells were passaged three or four times before use. 

Counting cells with hemocytometer. To determine the concentration of cells in 

culture, a 10 μL sample of the solution of cells to be counted is mixed with 45 μL of PBS, and 

45 μL of Trypsan blue. 10 μL of the mixed solution is injected into the hemocytometer and 

placed under a microscope. All cells in a 4X4 corner quadrant that have not stained blue were 

counted, and the average of all four corner quadrants was taken. The average count was 

multiplied by 1x104 to obtain the number of cells/mL, and then is further multiplied by 10 

(the dilution factor). 

MTT assay; PSMα3 concentration dependence on HL60 cell lysis. HL60 cells were 

counted with a hemocytometer, centrifuged at 1500 rpm, re-dispersed in PBS (PBS; 35 mM 

phosphate buffer / 0.15 M NaCl, pH 7.3) and 200,000 cell’s per well were seeded in a v-

bottom 96 well plate. A mixture of 30 μL of PBS 5X, X μL of PSMα3 (390 μM stock to 
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0,10,20,30 or 40 μM final concentrations) or Triton X solution (10% in nano-pure water), 

and Y μL of nano-pure water were prepared. The 200 μL solutions were mixed with a multi-

channel pipette, 150 μL of each mixture was added to the cells, and incubated for 30 min at 

37 °C in a humidified 5% CO2 incubator. The cells were pelleted by centrifugation at 1500 

rpm and the supernatant was removed and replaced with 100 μL of fresh media. The MTT 

(10 μL, 12 mM solution in PBS) reagent was added, mixed with a multichannel pipette, and 

incubated at 35 °C in a humidified 5% CO2 incubator for four hours. The plate was 

centrifuged at 3000 rpm, and the media was replaced with DMSO (100 μL). The solutions 

were incubated at 35 °C for 20 min, mixed, and the absorbance was read at 540 nm. Cell 

survival was determined by normalization with the positive control which contained no 

cytolytic compounds. 

MTT cell viability assay with PSM and NPS. HL60 cells were counted with a 

hemocytometer, centrifuged at 1500 rpm, redispersed in PBS (PBS; 35 mM phosphate buffer 

/ 0.15 M NaCl, pH 7.3) and 200,000 cell’s per well were seeded in a v-bottom 96 well plate. 

A mixture of 30 μL of PBS 5X, X μL of NP (100 μg/mL stock concentration), 100-X μL of 

nanopure water, and PSMα3 (20 μM final concentration) was prepared. Two controls were 

also prepared, one with no NPs, and one with only cells in PBS.  200 μL of the prepared 

solutions were mixed with a multichannel pipette, 150 μL was added to the pelleted cells, 

mixed again with a multi-channel pipette, and incubated for 30 min at 35 °C in a humidified 

5% CO2 incubator. The cells were pelleted by centrifugation at 3000 rpm and the supernatant 

was removed and replaced with 100 μL of fresh media. The MTT (10 μL, 12mM solution in 

PBS) reagent was added and the wells mixed with a multi-channel pipette. The mixtures 

were then incubated at 35 °C in a humidified 5% CO2 incubator for 4 h, centrifuged at 3000 
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rpm, and all the media was replaced with DMSO (100 μL). The solutions were incubated at 

35 °C for 20 min, mixed, and the absorbance was read at 540 nm. 

MTT assay; nanoparticle toxicity. HL60 cells were counted with a hemocytometer, 

centrifuged at 1500 rpm, re-dispersed in media (RPMI 1640 media containing 1 mmol/L L-

glutamine, supplemented with 20% (v/v) fetal bovine serum (FBS), and 1% (w/v) 

Penicillin/Streptomycin) and 200,000 cell’s per well were seeded in a v-bottom 96 well plate. 

Nanoparticles (100 μg/mL) in PBS were then added and the solution incubated for 4 h at 35 

°C. The MTT (10 μL, 12mM solution in PBS) reagent was added and the wells mixed with a 

multi-channel pipette. The mixtures were then incubated at 35 °C in a humidified 5% CO2 

incubator for four hours, centrifuged at 3000 rpm, and all the media was replaced with DMSO 

(100 μL). The solutions were incubated at 35 °C for 20 min, mixed, and the absorbance was 

read at 540 nm. 

Quartz crystal microbalance (QCM) analysis. QCM cells were filled with 200 µL of 

1% SDS and allowed to stand for 2 h, washed with nano-pure water (10 times, 500 µL each), 

and dried under a stream of air. Further cleaning of the gold electrodes was done by pipetting 

1 µL of 5 M peroxide, followed by 3 µL of concentrated sulfuric acid and allowed to sit for 10 

min. The cells were washed with nano-pure water, dried, and cleaned with peroxide/sulfuric 

acid two more times. After a final washing with nano-pure water the Cells were filled with 

PBS (PBS; 35 mM phosphate buffer / 0.15 M NaCl, pH 7.3), and were loaded into an Affinix 

Q4 QCM instrument (Initium Co. Ltd., Tokyo, Japan) and allowed to equilibrate. Five 

injections (5, 10, 20, 30, 30 μL) of NPs (100 μg/mL aqueous) were monitored for 

immobilization with ≈15 min between each injection. The cells were then washed (3 ×500 

µL nano-pure water), filled with PBS (500 µL) and allowed to equilibrate. PSMα3 (1 mg/mL, 
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in nano-pure water) was then injected at various intervals (≈20 min) with a systematic 

increase in the volume used (.05, 1, 2, 4, 8, 10, 20 μL). Alternatively, HSA was injected at 

various intervals (≈20 min) to final concentrations of .12, .35, .90, 1.88, 3.48, 9.11, 13.03, 

20.39, and 33.44 μM. The data was then plotted in Origon 6, and the points were fitted with 

the Langmuir equation. 
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Chapter 3: Nanoparticle Structure and Monomer Proximity: 

Contributions to Protein Affinity and Capacity 

 

A. Introduction 

Peptide and protein affinity reagents (PARs) are selective capture agents for polypeptide 

targets. PARs are now engineered with affinity for an enormous range of biomacromolecules 

and are widely used in basic research, industrial processes and clinical applications for 

isolation of individual polypeptides, for analytical or diagnostic purposes, and for their effect 

on biological systems. Antibodies or their fragments are the most common PARs.1 There is 

now considerable interest in the development of abiotic synthetic materials capable of 

functioning as PARs.  These synthetic materials include aptamers,2 peptoids,3 and small 

molecules.4 Copolymer nanoparticles (NPs) containing N-isopropyl(acrylamide) (NIPAm) 

are another important family of materials being developed as PARs.  As indicated in chapters 

1 and 2, a broad range of applications in biochemistry and medicine have been proposed for 

these NPs; including the purification, protection, stabilization, delivery, and sequestration of 

proteins or peptides.  

NIPAm polymers have little intrinsic affinity for biological macromolecules. 

Therefore, incorporating functional co-monomers in the polymerization provides an 

opportunity to “tune” the interaction of these polymers with proteins or peptides. Like the 

amino acids in protein-protein interactions, these co-monomers provide noncovalent and 

complimentary hydrophobic, electrostatic, aromatic, and hydrogen bonding interactions 

between the polymer and a protein. Furthermore, analysis of X-ray crystal structures of 

protein-protein complexes revels binding “hot spots”, which contain certain “privileged” 
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amino acids and groupings of amino acids (i.e. “charge patches” or “hydrophobic patches”) 

that contribute disproportionately to binding affinity and selectivity.5 Generating functional 

group distributions that are analogous to protein “hot spots” may provide opportunities to 

increase the affinity and selectivity of polymer PARs. However, unlike proteins, the sequence 

of functional groups is random in synthetic polymers produced by free radical 

polymerization. Given the synthetic limitations for sequence control in carbon-carbon 

backbone polymers, reproducing “hot spots” in these materials presents a challenge when 

attempting to engineer polymer-protein interactions.  

In addition to the primary sequence of proteins, the tertiary structure of folded 

globular proteins also contributes to functional group distributions from which “hot spots” 

may arise. Likewise, the functional group distribution within a NIPAm NPs network is an 

important parameter in obtaining NP-protein “hot spots”. The structure of many NIPAm 

based NPs is that of a solvated network containing chemically crosslinked or physically 

entangled polymer chains. Introduction of functional co-monomers will alter the NPs 

structure via noncovalent interactions between polymer chains in the network. The 

attraction or repulsion between functional groups on the polymer chains will alter the NPs 

structure and the functional group distributions from which “hot spots” may arise. 

Furthermore, NIPAm NPs are stimuli responsive, and offer opportunities to control their 

structure and solution properties with temperature, pH, ionic strength, and in some cases 

light.6 The structural rearrangement of NIPAm NPs in response to external stimuli, which in 

many cases is reversible, may be used to modify the distribution of functional groups within 

the NP. Thus, external stimuli may be used to control the formation of “hot spots” and, when 

reversible, switch NP-protein affinity on or off. Finally, a NIPAm NPs response to external 
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stimuli may also be modified by the introduction of functional co-monomers. Therefore, co-

monomer selection will effect multiple variables that may contribute to the formation of “hot 

spots” and ultimately NP-protein affinity and selectivity.  

Literature concerning the applications and fundamental understanding of a NIPAm NPs 

interaction with biological molecules is growing. However, few of these reports account for 

the multiple variables that contribute to NP-protein affinity and little attention has been 

given to functional group proximity from which “hot spots” may arise.  Herein, NIPAm NP 

copolymers with functional groups constrained in proximity are considered in order to 

generate “hot spots” for protein interaction. Monomers with functional groups in close 

proximity are derived from three amino acids; alanine, isoleucine and phenylalanine. The 

interactions of these NPs with a model protein is evaluated in regards to the co-monomer 

functional groups, the NPs structure, and the NPs stimuli induced structural rearrangement. 

Considering each of these variables allows us to establish the importance of functional group 

proximity to the NP-protein interaction and provides fundamental guidelines for the design 

of NIPAm NPs for application as protein affinity reagents. 

 

B. Material Synthesis and Properties 

Polymerizable amino acid derivatives of alanine (AcAla), leucine (AcLeu), or 

phenylalanine (AcPhe) were synthesized to provide bifunctional monomers with two 

functional groups in proximity (Figure 3.1). Each unprotected amino acid was reacted with  

acryloyl chloride in an alkaline solution to yeild N-acryloyl amino acid monomers (AAm’s). 

A modified free radical precipitation polymerization was used to synthesize a library of NPs 

with AAm feed ratios (X%) of 5, 10, 20, and40 %. The rest of the polymer composition 
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contained 2% of the crosslinker BIS and 98-X% NIPAm. The resulting polymer solutions 

were purified by dialysis and all compositions yielded stable colloids of monodisperse NPs. 

Table 3.1 contains a complete list of all NPs used for evaluating protein affinity and their 

composition as determined by 1H NMR. NMR established the that incorporation of AcLeu and 

AcPhe was comparable to the theoretical amount expected from the feed ratio whereas the 

incorporation of AcAla was observed to be half that expected from the theoretical.  

 The selection of NIPAm as the base monomer imparts these materials with phase 

transition properties that alter polymer structure in response to temperature (Figure 3.2). 

Below the volume phase transition temperature (VPTT) the NPs internal polymer network 

is swollen in aqueous media. Increasing the temperature beyond the VPTT induces a 

hydrophobic collapse of the polymer network and expulsion of water.  The temperature 

induced phase transition properties of each NP in the library was investigated by dynamic 

light scattering (DLS) to evaluate the effect of the AAm co-monomer on the NP structure and 

stimuli response. As seen in figure 3.2, an increase in AcAla incorporation resulted in an 

increase in the VPTT, expansion, and size of the NP at the VPTT. The AcAla monomer contains 

a carboxylic acid functional group which is partially ionized in aqueous solutions above pH 

4. Electrostatic repulsion between ionized carboxylate groups increases the distance  

Figure 3.1 – Selected monomers and the modified precipitation polymerization conditions used to generate 
stable colloids of monodisperse NPs. 
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Table 3.1: Relative % incorporation of monomers in the AcAla, AcLeu, and AcPhe NPs as 
compared to the theoretical. 

Theoretical % Relative % 
   

   

BIS AcAla NIPAM BIS AcAla NIPAM HD (nm)a PDIa % yield 

2% 5% 93% 2% 2% 96% 559 0.046 99% 

2% 10% 88% 2% 5% 93% 583 0.026 87% 

2% 20% 78% 2% 9% 89% 643 0.016 97% 

                  

BIS AcLeu NIPAM BIS AcLeu NIPAM HD (nm) PDI Yield 

2% 5% 93% 2% 7% 91% 234 0.13 83% 

2% 10% 88% 2% 10% 88% 171 0.131 96% 

2% 20% 78% 2% 19% 79% 74 0.056 90% 

                  

BIS AcPhe NIPAM BIS AcPhe NIPAM HD (nm) PDI Yield 

2% 5% 93% 2% 6% 92% 258 0.126 75% 

2% 10% 88% 2% 9% 89% 176 0.113 80% 

2% 20% 78% 2% 19% 79% 96 0.125 74% 

between polymer chains and the presence of charge also increases solvation of the polymer 

network. Therefore, incorporating greater amounts of AcAla increases the distance between 

polymer chains in the polymer network and the overall size of the NP. Also incorporating 

more AcAla will increase the electrostatic and osmotic forces separating polymer chains and 

a higher temperature is required to overcome these forces to induce a hydrophobic collapse 

of the NP. Thus, higher VPTT is observed for NPs with greater AcAla incorporation. 

Interestingly, NPs made with >5 mol% AcALa were ineffective at scattering light at 

temperatures <25 °C. At these temperatures the polymer network was swollen to such an 

extent that the refractive index of the NP was equal to that of bulk water and indicates that 

the distance between polymer chains is very large under these conditions. 

a) Hydrodynamic diameter (HD) and poly dispersity (PDI) are determined by dynamic light 
scattering in nanopure water at 25 °C. 
**Note: Actual incorporation of BIS is assumed to be equal to the theoretical. The theoretical 
values are based on the feed ratio of each monomer. Incorporation of AAm’s is determined 
relative to NIPAm in NPs via 1H NMR.  
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 In contrast to AcAla, copolymerization of NIPAm with AcLeu and AcPhe resulted in 

NPs with a lower VPTT, expansion, and smaller size at the VPTT as the mol% of AAm 

monomer was increased. The observed trends for the physical properties of the AcLeu and 

AcPhe NPs are opposite that of AcAla due to their greater hydrophobicity. White et. al. 

developed a hydrophobicity scale for whole amino acids based on their octanol/water 

partition and their ability to associate to a lipid bilayer interface (interfacial scale).7 Due to 

Figure 3.2 - (Top) schematic representation of the temperature induced collapse of the NPs. (Bottom) Table of 
NP physical properties; Volume phase transition temperature (VPTT), Size, and expansion. 

 

a. VPTT is taken at the midpoint of the inflection (see appendix) 
b. Size reported here represents the size at the VPTT 
c. Expansion is the total change in diameter of the NP from 10 to 40°C. 
*These values could not be obtained exactly. Highly hydrated NPs do not scatter light in DLS. 
**No phase transition was observed for these NPs. 
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their large alkyl side chains, the free energy change required to transfer phenylalanine and 

leucine from water to octanol was determined to be −1.71 ± 0.11 And −1.25 ± 0.11, 

respectively. The free energy to transfer alanine was measured at 0.50 ± 0.12, indicating that 

the diffusion of the AcAla AAm into hydrophobic environments is not favored and AcAla is 

more hydrophilic than AcPhe and AcLeu. The Phe>Leu>>Ala trend in hydrophobic character 

was also observed in the interfacial scale. The greater hydrophobicity of the phenylalanine 

and isoleucine side chains resulted in a lower degree of solvation in the polymer network 

and perhaps intrachain association which can counter the electrostatic repulsion of the 

carboxylate functional groups. This resulted in a smaller NP with a denser network. Also, the 

hydrophobicity of the AcPhe and AcLeu AAm’s caused the temperature necessary to induce 

hydrophobic collapse of the network to decrease. In fact, at high loadings of the hydrophobic 

AAm co-monomers (≥20 mol%) a complete loss of phase transition behavior was observed. 

Finally, the physical properties observed for NPs containing AcPhe and AcLeu are strikingly 

similar. This was particularly true for NPs containing 5 and 10% of the AcPhe or AcLeu co-
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monomer which have a very similar VPTT and size at the VPTT when determined in 

nanopure water. As seen in figure 3.3, these similarities are also observed in phosphate 

buffer.  

The DLS results presented here indicate that the NPs structure and response to 

temperature can be controlled by the choice and amount of the AAm co-monomer. The 

electrostatic repulsion of the polymer chains due to the carboxylate functional groups on 

AcAla is stronger than the hydrophobic effects contributed by the methyl side chain. As a 

result, the internal structure of these NPs contains higher amount of water and a greater 

distance between polymer chains as the AcAla mol% is increased. This results in a lower 

volume density of functional groups as the AcAla mol% is increased. In contrast, AcPhe and 

AcLeu NPs contain less water, have a shorter distance between polymer chains, and will have 

a greater volume density of functional groups as the AAm mol% is increased. The VPTT of 

each NP is also clearly altered by the selection and amount of the AAm incorporated. In short, 

the phase transition and structure that result from AAm side chain selection may be used to 

engineer the physical properties of the NP and modulate NP-protein interactions. 

 

C. Screening Nanoparticles for Lysozyme Affinity 

Strong binding of polypeptides to NPs relies on multiple noncovalent contacts. In the case 

of stimuli responsive NIPAm NPs, these multivalent interactions will be dependent on the 

structure of the material. As indicated in figure 3.4, collapsed NPs with a dense network will 

have a shorter distance between functional groups that can contribute to binding. This may 

lead to an increased affinity to biological targets due to a higher number of multivalent 

interactions that take place within a given volume of space.  In addition, below the VPTT the 
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NPs are swollen and there is a lower volume density of functional groups with which to 

generate the multivalent interactions needed for high affinity. Results of the temperature 

induced phase transition studies for AAm NPs indicate that NPs containing AcPhe and AcLeu 

may have a higher density of functional groups as evidenced by the smaller NP size and lower 

expansion. Furthermore, the AcLeu and AcPhe AAms contain larger alkyl side chains than 

AcAla which may increase the likelihood of these NPs to associate with hydrophobic patches 

on a protein. Therefore, NPs containing AcPhe or AcLeu may provide higher affinity to a 

target biomacromolecule when compared to NPs made with AcAla, and still retain phase 

transition properties to allow thermal control over the NP-protein interaction. 

The amount of a protein bound to NPs containing AcAla, AcLeu, and AcPhe was used to 

screen the NP-biomacromolecule affinity as a function of chemical composition and NP 

Figure 3.4 - Illustration demonstrating the increased multivalent interactions between NPs and Lysozyme as a 
result of the temperature induced collapse. 
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structure. For this investigation lysozyme was chosen as a model protein. Lysozyme is a basic 

protein (pI=11.35, 14kDa) and was chosen because it will have an electrostatic attraction to 

negatively charged NPs. Variations in the amount of lysozyme bound is expected to occur as 

a consequence of the AAm amount, the nature of the hydrophobic side chain, and the NP 

structure. Lysozyme catalyzes the hydrolysis of peptidoglycans present in bacterial cell 

membranes, thereby destroying the cell membrane. Lysozymes enzymatic activity can be 

followed by a decrease in the optical density (OD) of a suspension of the bacterium 

Micrococcus lysodeikticus.8 After incubating NPs with lysozyme, the NP-lysozyme complexes 

were removed by centrifugation-filtration and the reduction of the OD of a Micrococcus 

suspension by unbound lysozyme in the filtrate was used to qualitatively determine the 

amount of lysozyme bound to a NP. 

The amount of lysozyme bound to the NPs containing 5 to 20 mol% AAm’s is depicted in 

figures 3.5-3.7. Each result is normalized to the control (no NP).  For NPs containing 5 or 10 

mol% AAm, little lysozyme is bound to NPs containing AcAla, a moderate amount is bound 

to AcLeu, and the highest amount bound was observed for the AcPhe NP. The amount of 

lysozyme bound appears to correlate with the hydrophobicity of the side chain, 

AcPhe>AcLeu>>AcAla. Also, a clear dependence between the amount of lysozyme bound and 

the NPs phase is observed for all NPs at 5 and 10% AAm loading.  The lowest amount bound 

for each NP occurs at 4 °C, when the NP is swollen. As the temperature is increased to 25 °C, 

greater binding is observed and the amount bound is at a maximum when the NP is fully 

collapsed at 40 °C. This result clearly demonstrates that increasing the volume density of 

functional groups by collapsing the NPs network increases the amount of lysozyme bound 

by the NP.  
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Figure 3.5 - The amount of lysozyme (30 µg/mL) bound to NPs containing 5% AAm co-monomers. The amount 
bound for each NP was also examined at 4 (Blue), 25 (yellow), and 40 °C (red) in phosphate buffer (PB; 35 mM, 
pH=7.3). After a 30 min incubation at the respective temperature, the NP-lysozyme complex was filtered from 
free lysozyme in a temperature controlled centrifuge. The enzymatic activity of lysozyme was measured by UV, 
using micrococcus as the substrate in PB. % lysozyme bound was determined relative to a control which 
contained no NPs.     
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Figure 3.6 - The amount of lysozyme (30 µg/mL) bound to NPs containing 10% AAm co-monomers. The amount 
bound for each NP was also examined at 4 (Blue), 25 (yellow), and 40 °C (red) in phosphate buffer (PB; 35 mM, 
pH=7.3). After a 30 min incubation at the respective temperature, the NP-lysozyme complex was filtered from 
free lysozyme in a temperature controlled centrifuge. The enzymatic activity of lysozyme was measured by UV, 
using micrococcus as the substrate in PB. % lysozyme bound was determined relative to a control which 
contained no NPs.     
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Figure 3.7 - The amount of lysozyme (30 µg/mL) bound to NPs containing 20% AAm co-monomers. The amount 
bound for each NP was also examined at 4 (Blue), 25 (yellow), and in some cases 40 °C (red) in phosphate 
buffer (PB; 35 mM, pH=7.3). After a 30 min incubation at the respective temperature, the NP-lysozyme complex 
was filtered from free lysozyme in a temperature controlled centrifuge. The enzymatic activity of lysozyme was 
measured by UV, using micrococcus as the substrate in PB. % lysozyme bound was determined relative to a 
control which contained no NPs.     
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When the mol % of AAm’s is increased to 10 and 20%, an increase in the amount of 

lysozyme bound for all NPs is observed compared to lower loadings. In fact, the increase is 

substantial for NPs containing 20 mol% AcLeu and AcAla. Also, the amount of lysozyme 

bound to each of the NPs containing 10 mol% AAm is temperature dependent, and the 

amount bound increases as the NP collapses. However, at 10 mol% AcPhe the difference in 

the amount of lysozyme bound to this NP, as a function of temperature, is less pronounced 

and disappears altogether when higher concentrations of the NP are used. The loss of 

temperature control over lysozyme binding is also observed for all NPs containing 20 mol% 

of the AAm co-monomers.  

The substantial increase in binding for NPs with higher loadings of AAm’s and the loss of 

temperature control over lysozyme binding correlates with the amount of AAm incorporated 

and the lysozyme affinity of each AAm. At AAm loadings of 20 mol%, the distance between 

functional monomers on any single polymer chain is low and this proximity allows for a 

sufficient number of complimentary interactions to bind lysozyme. In contrast, at 5 and 10 

mol%, the number of complimentary interactions from a single polymer chain is not 

sufficient to bind lysozyme strongly. At 5 and 10 mol%, thermal collapse of the polymer 

allows multiple chains to interact with the protein and this increases the number of 

complimentary interactions and the amount of lysozyme bound. These effects are most 

notable for AcAla and AcLeu where thermal collapse enhances binding at 5 and 10 mol%, but 

is no longer important to binding at 20 mol%. The affinity of lysozyme for an individual AAm 

must also be taken into account in this analysis. Individual AAm’s with higher affinity for 

lysozyme will require less contacts to achieve strong binding. This appears to be the case for 

the AcPhe monomer. The change in lysozyme binding as a function of temperature is reduced 
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when 10 mol% of AcPhe is used. This suggests that a the AcPhe NP has substantial affinity 

for lysozyme, and lysozyme contacting multiple chains is not as valuable in attaining a strong 

interaction when compared with NPs of AcAla and AcLeu. 

The contribution to lysozyme binding of AAm’s within a single polymer chain in 

comparison to multiple chains is further complicated by the monomers effect on the NPs 

structure. A decrease in the NP size and VPTT for NPs containing increasing amounts of 

AcPhe and AcLeu was observed by DLS. This indicates that there is a greater density of 

polymer chains in these NPs. Also, little change in size was observed for these NPs at 20 

mol% when temperature was altered. Therefore, NPs containing 20 mol% AcPhe and AcLeu 

bind more strongly due to the combination of a higher functional group density within a 

single polymer chain and the close proximity of chains at any temperature. Overall, these 

results indicate that the volume density of functional monomers provides important 

contributions to the multivalent interactions necessary to bind target biomacromolecules. 

Furthermore, the density of the functional monomers is related to the choice of hydrophobic 

monomer, % incorporation, and the temperature induced phase transition of the material. 

Importantly, significant changes in the amount of lysozyme bound can be temperature 

controlled when small amounts of hydrophobic AAms are added.  For the NPs and protein 

used here, it would appear that the 5% AcPhe NP has optimal properties for capture and 

release of a protein. 

 

D. Evaluating Affinity and Capacity via ITC 

In the centrifugation-filtration binding study, the amount of lysozyme bound to NPs 

containing AcPhe was higher compared to other AAm containing NPs with similar AAm 
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content and at similar temperatures. This suggests that NPs containing the AcPhe monomer 

have a greater affinity or capacity for lysozyme compared to other NP compositions. Also, 

the increase in the amount of lysozyme bound as temperature was increased suggests that 

affinity and/or capacity increases when the NP structure is collapsed. Here, isothermal 

titration calorimetry (ITC) is used to quantitatively evaluate the affinity and capacity of 10 

mol% AcPhe and AcLeu NPs for lysozyme. The ITC data will be used to ascertain the 

contributions of the two different side chain functional groups to affinity and capacity. Also, 

the NP-protein interaction will be assessed slightly below (Swollen NP) and above (collapsed 

NP) the VPTT.  This latter information will allow us to tease out the impact of NP structure 

on protein affinity and capacity.   

Representative ITC data collected for titrations of 10% AcPhe and AcLeu NPs with 

lysozyme in phosphate buffer (PB; 35 mM, pH=7.3) are given in figure 3.8. All titrations were 

observed to be strongly endothermic when conducted slightly below (25 °C) or above (37 

°C) the VPTT. Isotherms of 10% AcLeu appear relatively simple compared to those of AcPhe, 

and may be fit with a typical one site binding model. However, the multiple inflections of the 

AcPhe isotherms require a more complex binding model to obtain a fit. The algorithm 

developed by Lewis et. al. for the non-linear regression analysis of a multiple binding site 

model with up to four overlapping binding equilibria was utilized to fit the raw data.9 For 

simplicity, the number of binding sites modelled for any given data set was selected to match 

the number of inflections observed in the raw data. The simplicity of this model and its 

application means that there are limitations when interpreting the data. For example, the 

NIPAm based NPs investigated here are not homogenous solutions of structures containing 

well-defined binding sites. These materials are solvent swollen networks which contain  



87 
 

 

Figure 3.8 - Selected ITC results for the titration of 10% AcLeu (0.5 mg/mL A,B) and 10% AcPhe (1 mg/mL C,D) 
with lysozyme (1 mM for A,B,C; 2.75 mM for D). The titrations were conducted slightly below (left, 25°C) and 
above (right, 37°C) the VPTT of NIPAm in phosphate buffer (35 mM, pH=7.3). The heat of the interaction 
(µcal/sec) for each injection (10 µL) of lysozyme is measured, integrated, and plotted as the heat generated for 
each mol of lysozyme added (Kcal/Mole of injectant vs NP:lysozyme molar ratio). Note: the first few injections 
of 10% AcLeu at 37 °C was conducted at a lower injectant volume, 3 µL.  
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multiple binding sites of variable affinity that are randomly distributed across each 

individual NP. Also, the interaction of these NPs with lysozyme is likely to be cooperative, 

and binding at any particular site may affect the association of lysozyme to nearby sites. 

Therefore, the thermodynamic measurements performed here represent an ensemble of 

equilibria taking place and all of these equilibria are not likely to be resolved within the 

detection limits of the ITC instrument. As a result, the affinities reported here are averages 

of multiple overlapping equilibria. 

Fitting the data obtained for 10% AcPhe and 10% AcLeu revealed that lysozyme has a 

higher affinity to the AcPhe NP. In these studies, the molecular weight of each NP was 

assumed to be 1x106 g/mol. With this assumption, titrations at room temperature revealed 

the Ka of 10% AcLeu to be 3.85x104 M whereas the two modelled sites of AcPhe were found 

to have Ka’s of 1.7x106 M and 1.6x105 M. When titrations were conducted at 37 °C, the Ka of 

10% AcLeu increased slightly to 6.98x104 M whereas the three modelled sites of the AcPhe 

NP displayed a dramatic increase to 2.97x108 M, 1.4x109 M, and 7.17x106 M. The number of 

proteins associated to each of the modelled sites was 37, 25, and 47 for the AcPhe NP at 37 

°C and indicates that there are a significant number of the high affinity sites present. High 

affinity sites were not detected in titrations of the AcLeu NP. Importantly, the affinity of the 

binding sites in both NPs increases with the thermal collapse of the NP (above VPTT) and the 

affinity increase due to NP collapse is greater for NPs containing the AcPhe AAm. From this 

analysis we can conclude that there are a greater proportion of high affinity binding sites 

within NPs containing AcPhe compared to AcLeu. The results are consistent with the 

centrifugation-filtration experiment, and further support that AcPhe is more effective than 

AcLeu for creating a protein affinity reagent.  
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While ITC indicated significant differences in affinity when comparing NPs containing 

AcLeu and AcPhe, there were negligible differences in the number of binding sites of the two 

NPs. The total number of binding sites calculated for both NPs at room temperature was 

shown to be ~50, and the number was observed to increase to ~100 and ~85 binding sites 

for 10% AcPhe and 10% AcLeu, respectively at 37°C. The change in the number of binding 

sites for each of the two particles as a function of the temperature induced volume collapse 

is similar. Careful analysis of the previous binding data from the centrifugation-filtration 

procedure indicated a similar change in the amount of bound lysozyme to the 5% AcPhe and 

5% AcLeu NPs as a function of the volume collapse. Again, assuming a NP molecular weight 

of 1x106 g/mol, the increase in the number of proteins bound as the particles collapse is 

estimated to be ~3.5 and ~4.0 proteins for every NP containing 5% AcPhe or AcLeu, 

respectively. This supports that both the capacity and number of binding sites change 

proportionally for NPs composed of AcPhe and AcLeu. Interestingly, the differences in the 

overall size, % AAm monomer incorporation, and the volume expansion of the two NPs 

containing 5 or 10 mol% AcPhe and AcLeu were found to be negligible (Figure 3.3). 

Therefore, these results suggest that the number of binding sites and subsequent capacity of 

these hydrophobic AAm NPs for lysozyme increases upon collapsing the NP while the affinity 

of the binding sites at any particular temperature is more strongly influenced by the AAm 

monomer selection. In short, replacing the leucine side chain with that of phenylalanine does 

not change the NPs capacity for lysozyme, but the exchange will increase the affinity of the 

binding sites.  
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E. Physiochemical Implications of NP-protein Interactions 

Protein-protein interactions often result in chemical and structural changes of one or 

both of the interacting partners. These transformations are important events that control 

most signal transduction pathways10 and the function of molecular machinery like 

polymerases and the ribosome.11 The interactions between proteins and NPs may have a 

similar impact on the physiochemical properties of both species, and will alter the structure, 

chemical, and solution properties of the NP-protein complex. Therefore, in this section we 

have utilized a combination of ITC and DLS techniques to evaluate the chemical and 

structural transformations that result from lysozyme binding to the 10% AcPhe and AcLeu 

Figure 3.9 - ITC results for the titration of 5% AcPhe (1 mg/mL) with lysozyme (1 mM). The titrations were 
conducted slightly below (left, 25°C) and above (right, 37°C) the VPTT of NIPAm in phosphate buffer (35 mM, 
pH=7.3). The heat of the interaction (µcal/sec) for each injection (10 µL) of lysozyme is measured ang then 
integrated and plotted as the heat generated for each mol of lysozyme added (Kcal/Mole of injectant vs Molar 
ratio of NP:lysozyme). Note: an exothermic contribution to the enthalpy is also observed for the 5% AcPhe NP 
at the beginning of the titration when conducted at 37 °C. 
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NPs. This analysis is used to provide a mechanistic understanding of lysozymes interaction 

with these NPs, and an explanation for the different affinities of the two NPs for lysozyme. 

Isotherms generated from ITC indicate a pronounced exothermic event occurs during the 

initial addition of lysozyme to the 10% AcPhe NPs (figure 3.8). The exothermic contribution 

overlaps with the dominate endothermic binding process. This was also observed for the 5% 

AcPhe NP at 37 °C (figure 3.9). There are a number of literature reports which indicate a 

proton exchange occurs during the interaction of proteins with weak polyelectrolytes.12 

While the proton exchange does not always cause an inflection in the binding isotherm, it 

was suspected that the exothermic contribution observed here is a result of a buffer 

mediated proton exchange between the NP and lysozyme. Titrations in 10 mM MOPS and 

PIPES buffers were performed to identify if the exothermic contribution to the AcPhe 

isotherm was due to a buffer mediated proton transfer between the 10% AcPhe NP and 

lysozyme. The ionization enthalpy (∆Hi) of MOPS is 21.1 Kj mol-1 whereas that of PIPES is 

11.2 Kj mol-1. During ITC, a proton transfer mediated by MOPS should have a more positive 

total enthalpy (∆H) than one occurring through PIPES due to the different ∆Hi of the 

buffering compounds.13 If no difference in ΔH is observed between buffers, one can conclude 

that a proton transfer is absent. Indeed, titrations of the 10% AcPhe NP preformed in MOPS 

(ΔH = 207 Kcal/mol) buffer were observed to have a more positive enthalpy change than 

those conducted in PIPES (ΔH=104 Kcal/mol) during the initial additions of lysozyme. This 

result confirms that a proton transfer occurs upon the interaction of lysozyme with the 

AcPhe NP and is responsible for the exothermic component observed in the isotherm. 

Furthermore, when lysozyme was titrated more slowly to the AcLeu NP by reducing the 

initial titrant volume, an exothermic component for the interaction with this NP was 
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revealed as well. However, the exothermic contribution to the isotherm is much less 

pronounced in titrations of AcLeu when compared to AcPhe. 

The greater exothermic contribution in the isotherm of the AcPhe NP when compared to 

AcLeu may be attributed to the closer proximity of the AcPhe monomers in the polymer 

network.  Casolaro et. al. studied the protonation thermodynamics and solution properties 

of linear NIPAm copolymers containing AcPhe14 and AcLeu.15 These studies established that 

the copolymers containing AcPhe are more basic than those of AcLeu. The more hydrophobic 

AcPhe side chain causes the bifunctional monomers to be held in close proximity within the 

globular structure of the polymer and brings adjacent carboxylate anions closer together.  

Close proximity of the anions will increase the local basicity within a polymer network,16 and 

thus the AcPhe NP will have a greater degree of protonation than AcLeu under the conditions 

examined (pH=7.3). As a consequence, there is the potential for a greater number of protons 

to be released when the NP binds lysozyme. The greater amount of proton exchange upon 

binding lysozyme explains the larger exothermic contribution observed for the AcPhe NP 

titrations when compared with that of AcLeu.  

The degree of protonation and the proton exchange provides an explanation for the 

different affinities observed for AcLeu and AcPhe NPs. If a proton transfer is a requirement 

for the binding event to occur, then this exchange may account for the greater affinity 

between the AcPhe NP and lysozyme. However, Welsch et. al. determined that a proton 

transfer is not always linked to the binding mechanism or the affinity between lysozyme and 

NIPAm NPs containing carboxylate functional groups.13 Therefore, the exothermic ΔH 

observed from the proton exchange may not contribute to the ΔH of the binding interaction, 

rather it is residual heat produced as a consequence of lysozyme associating to the NP. 



93 
 

Nevertheless, the amount of proton exchange indicates that the local pH of the AcPhe NP is 

more basic than that of AcLeu. The greater basicity of the AcPhe NP is directly related to the 

proximity of these monomers, and indicates that the AcPhe functional groups are closer 

together in the polymer network than those of AcLeu. This analysis indicates that the 

hydrophobicity of the AcPhe side chain causes these moieties to cluster in the NP to a greater 

extent than those of AcLeu and this explains the greater number of high affinity binding sites 

observed for the AcPhe NP.  Importantly, the closer proximity of AcPhe monomers provide 

binding “hot spots” within the NP which may explain the higher lysozyme affinity. 

The proton transfer between AAm NPs and lysozyme is a chemical change that may not 

affect the NP-lysozyme affinity. Therefore, affinity is only a function of the complimentary 

interactions between charges, hydrophobic groups, and sites of hydrogen bonding. The 

bifunctional AAm’s used here contain both charged and hydrophobic groups, thus NP-

lysozyme affinity will be dominated by electrostatic and hydrophobic interactions. 

Electrostatic interactions between the positively charged lysozyme and polyelectrolytes 

containing negative charge has been well documented.13,17 Similarly, under the conditions 

examined here, lysozyme is positively charged and will have a strong electrostatic attraction 

to the negatively charged NPs. Screening this electrostatic interaction by adding electrolytes 

is expected to reduce the affinity between the two binding partners.17 Indeed, broadening of 

the AcPhe isotherm was observed when 10% AcPhe NPs were titrated in the presence of 30 

mM NaCl (figure 3.10), indicating that more lysozyme was required to saturate the NPs 

binding sites. This result confirms the importance of electrostatic interactions between 

lysozyme and the negatively charged NPs containing AAms. Furthermore, the contribution 
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of hydrophobic interactions to binding are typically elucidated by changes in heat capacity 

of the system, and have been determined to be important for protein binding below the VPTT 

of NIPAm based NPs.18 However, the change in heat capacity due to hydrophobic interactions 

between the NP and lysozyme cannot be separated from the heat capacity change of the NP 

de-solvation in these experiments. Therefore, direct evaluation of hydrophobic interactions 

between lysozyme and the NPs is not possible for the temperature range examined here.  

Electrostatic and hydrophobic interactions between the NP and lysozyme are important 

in establishing strong NP-lysozyme affinity. Electrostatic interactions between polymer 

chains are also important contributors to NP structure and the solution properties of the NP-

lysozyme complex. As indicated earlier by DLS, in the absence of adjacent hydrophobic 

monomers, electrostatic repulsion of the carboxylate groups within the AcAla polymer 

network causes an increase in the size, expansion, and VPTT of the NPs. This shows that 

electrostatics play an important role in the structural characteristics of the NPs and will  
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Figure 3.11 – Systematic addition of lysozyme to 10% AcPhe (B) and AcLeu (C). The DLS (■) and ITC (▲) data 
is superimposed to correlate the structural with thermodynamic changes upon binding lysozyme. Important 
points of correlation are labeled and schematic representations of their physical structures are provided (A). 

A) 

B) 

C) 
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likely contribute to those of the AcLeu and AcPhe NPs as well. To evaluate the binding 

induced structural rearrangement of NPs containing 10% of AcPhe and AcLeu, the size of the 

NP-lysozyme complexes were observed by DLS while titrating NPs with lysozyme. In the DLS 

experiments the initial concentrations and stoichiometric ratios of lysozyme to each NP was 

the same as in the ITC experiments and the DLS results are superimposed to the calorimetric 

data obtained by ITC in figure 3.11. This comparison establishes a correlation between the 

physical structure of the complex and the chemical events (proton exchange, lysozyme 

binding, etc.) observed by ITC. 

When monitoring titrations conducted at 37 °C by DLS, an initial decrease in the size of 

both the AcPhe and AcLeu NPs was observed upon addition of lysozyme. Lysozyme has been 

observed to diffuse into the interior of charged microparticles19 and bulk gels20 and cause a 

decrease in size. These observations indicate that lysozyme may penetrate into the NP and 

shield the electrostatic repulsion between polymer chains within the solvated network. At 

lower concentrations of lysozyme, the charge shielding promotes further de-solvation of the 

hydrophobic network and an overall endothermic measurement in calorimetric experiments 

is observed.  Interestingly, both NPs are observed to reach a size of ≈ 200 nm at the highest 

point of energy input from ITC (at max Kcal/mol lysozyme), a point at which the exothermic 

contribution from proton exchange disappears in the isotherm. This result indicates that at 

this size no further proton exchange occurs between either the AcPhe or AcLeu NPs and 

lysozyme. Furthermore, each NP reaches a minimum size of ≈ 165 nm, and then begins to 

increase slightly in size to ≈ 200 nm with further additions of lysozyme. The polydispersity 

of the NP-lysozyme complex with surface bound lysozyme at these points are 0.042 (± 37nm) 

and .002 (± 10nm) for AcPhe and AcLeu, respectively by DLS measurement. This indicates 
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that the colloidal complexes are still stable and not yet aggregating. Therefore, at these ratios, 

no further de-solvation of the NP takes place and subsequent association of lysozyme to the 

polymer network occurs only at the surface which results in an increase in the observed size 

of the complex.  

At higher concentrations of lysozyme, aggregation was observed to occur for both NPs 

when conducted above the VPTT. Colloidal stability of the NPs is a function of both 

electrostatic and steric factors.21 When hydrated, the NIPAm polymer provides a steric 

barrier to the association of colloidal particles and proteins. This effect is similar to that 

observed when pegylation is used to stabilize colloidal species. However, above the VPTT, 

NIPAm NPs are de-solvated and colloidal stability due to steric factors is greatly reduced. 

This indicates that the binding of lysozyme to both NPs disrupts colloidal stability at higher 

temperatures via neutralization of intraparticle electrostatic repulsion. For both NPs, 

destabilization occurred when the size was greater than 200 nm and corresponds to the 

point at which lysozyme is binding only to the surface of the collapsed and de-solvated NP. 

Interestingly, steric stability of the colloids is returned upon cooling the aggregates. 

Returning the NP-lysozyme aggregates to room temperature lead to a visible disappearance 

of the aggregates, and subsequent DLS measurements confirmed the reformation of a 

monodisperse colloid with particle sizes of ≈ 200 nm for each NP. This size is considerably 

smaller than the size of the AcLeu (256 nm) and AcPhe (273 nm) NPs in the absence of 

lysozyme at room temperature in and indicates that a significant amount of the protein is 

still bound to the NPs. This analysis shows that the size of both NP-lysozyme complexes are 

the same when capacity is reached, when protonation exchange is exhausted, just prior to 

aggregation, and when colloidal stability is reformed. 
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Examining the DLS and ITC overlays indicates that both AcPhe and AcLeu NPs decrease 

in size, but the collapse of AcPhe occurs at much lower loadings of lysozyme. The minimal 

size of the AcPhe NP is observed to occur when the molar ratio of lysozyme to NP is 75:1, 

whereas the molar ratio for the AcLeu NP is 250:1. Also, the AcPhe NP begins aggregating at 

lower loadings (87:1) compared to the AcLeu NP (275:1). The lower stoichiometric ratio 

necessary to affect size and aggregation support that there are a higher number of high 

affinity binding sites for lysozyme within the AcPhe NP. Interestingly, the aggregation of 

AcPhe observed by DLS overlays perfectly with the third inflection of the isotherm, thus this 

feature of the isotherm is likely due to the enthalpy of lysozyme induced aggregation. No 

such feature was observed in the isotherm of AcLeu, despite the presence of aggregates 

detected by DLS. There may be a number of explanations for this observation. It is possible 

that the aggregation of AcLeu is an entropic event which is undetectable by ITC. Also, there 

may be a kinetic component to the aggregation mechanism of each NP. If the aggregation 

mechanism of AcLeu takes place at a longer time scale it would not be observed in the ITC 

experiments conducted here. In any case, further experimentation is necessary to fully 

elucidate the different aggregation mechanisms. The purpose of these experiments is to 

evaluate the mechanism of the NP-lysozyme interaction, thus a complete understanding of 

the aggregation thermodynamics for these NPs is beyond the scope of the current work.   

The DLS and ITC experiments conducted here indicate a similar mechanism occurs when 

NPs containing AcPhe or AcLeu bind to lysozyme. Similar chemical and structural changes in 

both AcPhe and AcLeu NPs are observed at low loadings of lysozyme. The protein shields the 

electrostatic repulsion between polymer chains and causes the NP to collapse. The collapse 

upon binding occurs both above and below the VPTT of the NPs and results in a similar 
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decrease in size at both temperatures for both NPs. Above the VPTT, a minimum size of the 

NP-lysozyme complex was observed (≈ 165 nm). Further addition of lysozyme resulted in a 

slight increase in NP size due to lysozyme binding to the surface of the collapsed NPs, and 

beyond that, further binding caused both colloids to aggregate. However, the resulting 

aggregation was thermally reversible and both NP-lysozyme complexes were observed to 

return to a size of ≈ 200 nm. Finally, a chemical transformation was observed in the initial 

additions of lysozyme to both NPs as evidenced by an exothermic process in ITC. This was 

attributed to a buffer mediated proton transfer which was more prevalent in NPs composed 

of AcPhe.  Overall, these observations indicate that the 10% AcPhe and AcLeu have similar 

chemical and structural changes that occur when each NP interacts with lysozyme. However, 

the magnitude of proton exchange indicates there is a different distribution of the AcPhe co-

monomers within the NP network, when compared to AcLeu. The distribution of AAm 

monomers is a result of the AAm side chain and indicates that constraining functional groups 

on the AAm may generate binding “hot spots” in the NP which provide greater NP-lysozyme 

affinity.  

 

F. Evaluating NP “Hot Spots”  

The proton transfer which occurs during the binding interaction between AcPhe NPs and 

lysozyme suggests that the AcPhe monomers are in close proximity and form binding “hot 

spots” analogous to those found in protein-protein interactions. The AcPhe monomer 

contains a hydrophobic and aromatic phenyl group covalently constrained in proximity to a 

carboxylic acid. As a result, clustering of the AcPhe monomers will increase the density of 

functional moieties which provide electrostatic, hydrophobic, aromatic, and hydrogen 
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bonding interactions between the NP and lysozyme. The increased affinity of lysozyme to 

the AcPhe NP may be attributed to the formation of these “hot spot” domains which provide 

a large number of complimentary binding interactions within a small volume of space.  

The formation of “hot spot” domains is attributed to the hydrophobicity of the AcPhe side 

chain which causes these monomers to associate within the NP due to the hydrophobic 

effect. Separation of the hydrophobic and aromatic functional group from the carboxylic acid 

may reduce the number of noncovalent interactions in the binding “hot spot” and decrease 

the affinity of the NP to a target biomacromolecule. To evaluate the effect of the functional 

group proximity on affinity, NPs were synthesized with 5 mol% N-ethylphenylacrylamide 

(EtPhe) and 5 mol% AAc (figure 3.12). EtPhe/AAc NPs with separated functional groups 

were then compared to the 5% AcPhe NP in their ability to bind the peptide melittin. Melittin 

is a positively charged amphiphilic peptide which forms pores in the lipid bilayer of cells 

resulting in cell lysis. A hemolytic assay previously reported by Hoshino et al. was used to 

evaluate the affinity of the NPs to melittin.22 In this assay the amount of hemoglobin released 

Figure 3.12 – Comparison of the monomers used to evaluate the effects of functional group proximity on the 
formation of high affinity protein binding sites (“hot Spots”).  
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from bovine red blood cells (RBCs) served as a qualitative measure of each NPs ability to 

bind and inhibit melittin activity.   

The EtPhe/AAc and AcPhe NPs (0 to 25 μg/mL) were distributed in a 96 well plate and 

preincubated with melittin (2 μM) in phosphate buffered (PB) saline (PBS; 35 mM PB, 150 

mM NaCl) at 35 °C for 30 min. RBCs, warmed to 35 °C, were added to each well and incubated 

for an additional 30 min. After centrifugation, the amount of hemoglobin released from 

mellitin induced cell lysis was determined by the absorbance of hemoglobin in the 

supernatant at 418 nm. The concentration dependent neutralization of melittin by the 

EtPhe/AAc and AcPhe NPs is shown in figure 3.13. The 50% inhibitory concentration (IC50) 

of melittin induced cell lyses by NPs was determined to be 2.5 and 6 µg/mL for the AcPhe 

and EtPhe/AAc NPs, respectively. The lower IC50 of the AcPhe NP indicates that this NP has 

a greater affinity for the peptide. This result indicates that the proximity between the 
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Figure 3.13 – Neutralization of melittin (2 µM) induced red blood cell lysis by NPs containing 5% AcPhe, or 5% 
EtPhe and AAc in PBS (35 mM phosphate buffer, 150 mM NaCl). The percent neutralization was calculated from 
the hemoglobin released from RBCs relative to controls without melittin or NPs. The data represents the mean 
± standard deviation of n=3 trials. 
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aromatic and carboxylic acid functional groups contribute to the formation of high affinity 

“hot spots” within the NP which considerably increase NP-biomacromolecule affinity.  

 

G. Conclusion 

In conclusion, NIPAm based NPs containing monomers with functional groups 

constrained in proximity have been synthesized and evaluated for protein and peptide 

affinity. The monomers are derived from the amino acids alanine, leucine, and phenylalanine 

and each monomer has a different hydrophobic side chain in close proximity to a carboxylic 

acid. The proximity of the functional groups within an AAm monomer altered the NPs 

structure and temperature induced phase transition properties. Each of these properties was 

also shown to alter the NPs protein affinity, and the temperature induced binding was 

reversible when the mol% incorporation of AAm monomers was low (≤10%).  

Importantly, the physical properties, composition, and mechanism of lysozyme 

association for NIPAm NPs co-polymerized with AcLeu and AcPhe are similar, but the NP-

lysozyme affinity was substantially greater for the AcPhe NPs. ITC confirmed that the AcPhe 

NPs have higher affinity binding sites when compared to AcLeu NPs, but that both NPs have 

a similar temperature dependent capacity.  This result indicates that the affinity of these NPs 

to lysozyme is dependent on the choice of co-monomer, but the capacity change is dependent 

on the NPs phase transition for NPs containing AcPhe or AcLeu. Analysis of the ITC results 

suggests that the greater affinity of lysozyme to AcPhe NPs is due to clustering of these 

functional monomers within the polymer network. The clustering of these monomers 

generates binding “hot spots” within the NP. The contribution of NP “hot spots” to 

biomacromolecular affinity was confirmed using a hemolytic assay and the cytolytic peptide 
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melittin. Overall, the results establish that the proximity of the hydrophobic and carboxylate 

moieties will alter the intrinsic affinity of biological macromolecules to a NIPAm NP, and this 

affinity may be further enhanced when the NP structure is in a collapsed de-solvated state. 

These results indicate that the NPs composition, structure, and environmental response may 

be used to optimize protein affinity reagents for applications in protein sequestration, 

purification, and delivery. 
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H. Experimental 

 Materials 

The following materials were obtained from commercial sources: N-

isopropylacrylamide (NIPAm), and ammonium persulfate (APS) were from SIGMA-ALDRICH 

Inc.; sodium dodecyl sulfate (SDS), L-Alanine (L-Ala), and L-Leucine (L-Leu) are from Aldrich 

Chemical Company, Inc.; N,N’-methylenebisacrylamide (BIS) was from Fluka; L-

Phenylalanine (L-Phe) is from MP Biomedicals; Acryloyl chloride (96%, stabilized with 400 ppm 

phenothiazine) is from Alfa Aesar.  Lysozyme was purchased from Fischer Scientific. NIPAm 

was crystalized from hexanes before use. Other reagents were used as received. All water 

used was purified using a Barnstead Nanopure Diamond TM system. 1H NMR spectra were 

recorded at 500 MHz, 13C NMR spectra were recorded at 125 MHz on a Bruker DRX500 

spectrometer at room temperature with CDCl3 (Cambridge Isotope Laboratories, Inc), 

CD3OD (Acros Organic) or DMSO-d6 (Acros Organic) as the solvent. Mass spectra were 

performed on an ESI LC-TOF Micromass and the samples were dissolved in methanol. 

Nanoparticle size and polydispersity was determined with a MelvernZEN3600 dynamic light 

scattering instrument.  

 Procedures 

Synthesis of N-Acryloyl Alanine. L-Alanine (1.78 g, 0.02 mol) was dissolved in 20 mL of 

2 M sodium hydroxide aqueous solution. After the solution became transparent, acryloyl 

chloride (1.75 mL, 0.02 mol) was added dropwise with vigorous stirring while the reaction 

mixture was kept below 0 ℃ by external ice-bath cooling. After the addition was completed, 

the stirring was continued for additional two hours at room temperature. The mixture was 

acidified to pH=2 with concentrated hydrochloric acid. A white product was obtained after 
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sitting at room temperature overnight and 1.20 g was isolated by filtration; yield: 41.9 %, 

m.p. 158~160 ℃. 1H NMR (500 MHz, DMSO-d6) δ 8.43 (d, J = 7.0 Hz, 1 H, NH) , 6.32 (dd, J = 

16.5 Hz, 10.5 Hz, 1 H, CH=CH2), 6.13 (d, J = 16.5 Hz, 1 H, CH=CH2 trans), 5.64 (d, J = 10.5 Hz, 

1 H, CH=CH2 cis), 4.31 (t, J = 7.5 Hz, 1 H, CH3CH), 1.33 ( d, J = 7.5 Hz, 1 H, CH3CH). 13C NMR 

(125 MHz, DMSO-d6) δ 174.57, 164.72, 131.80, 126.14, 47.98, 17.71. ESI-MS (m/z): 

calculated [M + H]+ 144.15, found 144.3; calculated [M + Na]+ 166.13, found 166.2. 

Synthesis of N-Acryloyl Leucine. L-Leucine (2.62 g, 0.02 mol) was dissolved in 20 mL of 

2M sodium hydroxide aqueous solution. After the solution became transparent, acryloyl 

chloride (1.75 mL, 0.02 mol) was added dropwise with vigorous stirring while the reaction 

mixture was kept below 0 ℃ by external ice-bath cooling. After the addition was completed, 

the stirring was continued for additional two hours. The mixture was washed with ether. 

And the aqueous layer was acidified to pH=2 with concentrated hydrochloric acid. A white 

precipitate was obtained and extracted with ethyl acetate. After evaporating the organic 

portions in vacuum a sticky clear solid was formed. The compound was frozen, filtered and 

washed with water to obtain 1.94 g of a white precipitate; yield: 52.4%. The filtrate was 

cooled down and a white semisolid was obtained. 1H NMR (500 MHz, CDCl3) δ 6.85 (d, J = 8.0 

Hz, 1 H, NH) , 6.28 (d, J = 16.5 Hz, 1 H, CH=CH2 trans), 6.19 (dd, J = 17.0 Hz, 10.5 Hz, 1 H, 

CH=CH2), 5.67 (d, J = 10.0 Hz, 1 H, CH=CH2 cis), 4.62 (m, 1 H, CH2CHNH), 1.71 ( m, 2 H, 

CH3CH2CH), 1.64~1.61 ( m, 1 H, (CH3)2CHCH2), 0.94 (m, 6 H, (CH3)2CH). 13C NMR (125 MHz, 

CDCl3) δ 176.19, 166.02, 129.97, 127.99, 51.03, 41.22, 24.95, 22.84, 21.94. ESI-MS (m/z): 

calculated [M + H]+ 186.23, found 186.25; calculated [M + Na]+ 208.21, found 208.25.   

Synthesis of N-Acryloyl Phenylalanine. L-Phenylalanine (3.63 g, 0.02 mol) was 

dissolved in 20 mL of 2M sodium hydroxide aqueous solution. After the solution became 
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transparent, acryloyl chloride (1.75 mL, 0.02 mol) was added dropwise with vigorous 

stirring while the reaction mixture was kept below 0 ℃ by external ice-bath cooling. After 

the addition was completed, the stirring was continued for additional two hours at room 

temperature and a white powder precipitated. The mixture was acidified to pH=2 with 

concentrated hydrochloric acid. The obtained white product was recrystallized in water to 

and 2.74 g of white crystals were isolated; yield: 45.7%, m.p. 122.5~124 ℃. 1H NMR (500 

MHz, CD3OD) δ 7.27~7.16 (m, 5 H, C6H5) , 6.27~6.13 (dd, J = 17.5 Hz, 10.5 Hz , 1 H, CH=CH2), 

6.21~6.13 (d, J = 17.5 Hz, 1 H, CH=CH2 trans), 5.62 (d, J = 10.5 Hz, 1 H, CH=CH2 cis), 4.75~4.71 

(m, CHCH2), 3.25~3.20 ( m, 1 H, CH2CH), 3.01~2.96 ( m, 1 H, CH2CH). 13C NMR (125 MHz, 

CD3OD) δ 173.18, 166.49, 137.02, 130.18, 128.83, 128.04, 126.41, 125.85, 53.78, 37.02. ESI-

MS (m/z): calculated [M + Na]+ 242.23, found 242.30. 

Preparation of nanoparticles.  Stock solutions of NIPAm (X mol%) and BIS (2 mol%) 

were made by dissolving in nanopure water. The AAm (Z mol%) stock solution was also 

made by dissolving in water (AcAla), or Ethanol (AcPhe, AcLeu). Amount of organic solvent 

used to dissolve the hydrophobic monomers was limited such that the final volume added to 

the reaction mixture was 600 μL. All, monomers were filtered through a 0.2 micron syringe 

filter and added in the necessary ratios to generate a total monomer concentration of 65 mM 

in 50 mL of nanopure water. SDS (1 mL, 10 mg/mL in nanopure water) surfactant was also 

added to each reaction. The solutions were degassed for 30 min with nitrogen while stirring 

and the reactions were initiated with ammonium persulfate (1 mL, 30 mg/mL in nanopure 

water). The reaction was carried out under a nitrogen atmosphere with gentle stirring for 3 

h at 60 °C. The polymer solutions were then purified by dialysis (MWCO: 10,000) against an 

excess amount of deionized water, changed twice daily for four days. 
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Characterization of polyacrylamide nanoparticles. The yield of NPs was 

determined by measuring the weight of NPs obtained after lyophilisation and compared to 

the total mass of monomer used (Table 3.4). The hydrodynamic diameter and polydispersity 

of NPs was determined in aqueous solutions (25 ± 0.1 °C) with a dynamic light scattering 

(DLS) instrument equipped with the zetasizer software Ver. 6.12 (Zetasizer Nano ZS, 

Malvern Instruments Ltd). Measurements were taken in triplicate. The refractive index of 

acrylamide beads was used as standard and all DLS data meets quality criteria set by 

Malvern. The intensity-weighted average diameters of all three analyses were averaged and 

listed in table 3.4. NPs temperature responsiveness was also evaluated by DLS. The size of 

each NP (1 mg/mL) was evaluated at 10, 15, 20, 25, 30, 35, 40, 45, and 50 °C in nanopure 

water. Selected NPs were also evaluated in phosphate buffer (figure 3.3, 35 mM, pH=7.3). At 

all temperatures the NP solution was measured a multiple times with 5 min between each 

measurement until no change in size was observed. From these measurements, the 

expansion of the NPs is given by the size difference at 10 versus 50 °C, and the VPTT is given 

by the midpoint of the slope. Finally, 1H NMR of each NP was taken in methanol and the ratio 

of the AAm to NIPAm was determined by the integration of the AAm’s single alpha hydrogen 

and the single isopropyl hydrogen, respectively.  

Lysozyme binding assay. A solution of AAm NPs (1000 µg/mL stock in phosphate 

buffer (PB; 35 mM, pH=7.3) and lysozyme (100 µg/mL stock in PB 35 mM, pH=7.3) was 

mixed such that the final NP concentration was 50 – 250 mg/mL and the final lysozyme 

concentration was 32 µg/mL in 200 µL of PB. Each AAm NP at each concentration was 

incubated with lysozyme at 4, 25, and 37 °C for 30 min and then transferred to a membrane 

equipped centerfuge tube (Pall Corp., MWCO: 100KDa, Nanosep OMEGA). The mixtures were 
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immediately centrifuged at the corresponding temperature in a temperature controlled 

centrifuge. The filtrate of each sample (100 µL) was then mixed with a solution of 

resusspended freeze dried micrococcus lysodeikticus (Sigma Aldrich Inc.; 100 µL of a 125 

µg/mL in PB) and lysozyme activity was monitored by the reduction in optical density of 

micrococcus at 450nm for 60 sec using a NanoDrop UV-vis spectrophotometer (Thermo 

Scientific, Inc.) and disposable 70 μL UV-cuvette micro (GmbH + Co KG). The activity of 

lysozyme in each filtrate was compared to samples with no NPs to determine the amount of 

lysozyme bound.  

Isothermal titration calorimetry. AAm NPs were dialyzed against phosphate buffer 

(PB, 35mM, pH=7.3) with and without salt (30 mM NaCl) for two days. Dialysis was also 

conducted for titrations in MOPS (10 mM) or PIPES (10 mM) buffers. Each buffer was 

changed once during the duration of dialysis and the dialysis solution was used to dilute NPs 

and dissolve lysozyme. Experiments were performed on a general electric microcal VP-ITC 

instrument. NP solutions were diluted to an appropriate concentration (.5 to 2 mg/mL) with 

dialysis buffer and syringed into the sample cell after degassing for 5 min under vacuum. 

Lysozyme (.5 to 1 mg/mL) was dissolved in dialysis buffer and the molar concentration of 

lysozyme was determined by UV-vis. Molar concentration of the NPs was calculated from the 

mass concentration assuming a Mw of 1x106 g/mol. After degassing, the lysozyme solution 

was loaded into the microcal syringe (220 µL) and injected into the NP solution at 3 to 10 

µL/injection for 20 sec at intervals of 150 to 200 sec. Experiments were conducted at 25 and 

37 °C. The obtained data was then fit with the algorithm developed by Lewis et. al. for the 

non-linear regression analysis of a multiple binding site model with up to four overlapping 

binding equilibria. The algorithm can be obtained from9 and was used to calculate the 
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binding constants and molecular enthalpy change from binding. The Gibbs free energy 

changes and entropies of association were calculated from the experimentally determined 

binding constants and enthalpies change. The number of sites modeled by the algorithm was 

selected to match the number of inflections observed in the isotherm. Heat from the final 

injection of each experiment was subtracted to account for the heat of dilution of the 

lysozyme solution.  

NP-lysozyme complex characterization. AAm NPs (1mL, .5 to 1 mg/mL) at the same 

concentration used for ITC were subjected to DLS (Zetasizer Nano ZS, Malvern Instruments 

Ltd). Lysozyme (.5 to 1 mg/mL) was titrated into the DLS sample cuvette at volumes which 

correspond to the ITC injections and the size of the resulting NP-lysozyme complex was 

measured at 37 °C. Measurements were also obtained at the end of the titration after 

allowing the saturated samples to return to 25 °C.  

Hemolytic assay. Bovine red blood cells (RBCs; Lampire Biological Laboratories, 

Pipersville, PA) are washed with phosphate-buffered saline (PBS; 35 mM phosphate 

buffer/0.15 M NaCl, pH=7.3), collected by centrifugation (10 min, 3000 rpm), and then 

resuspended in PBS. Washing was repeated three times or until supernatant was sufficiently 

clear. In a 96 well v-bottom plate, melittin (2 µM final concentration) was preincubated with 

NPs (0-25 μg/mL) for 30 min at 35 °C in PBS. RBC’s warmed to 35 °C were then added to the 

mixture to give a final volume of 200 µL (final concentration RBC’s, 3% v/v). The resulting 

suspensions were incubated at 35 °C for 30 min. Samples were then centrifuged at 3000 rpm 

for 5 min, and the supernatant (100 μL) transferred to a second 96 well plate. Release of 

hemoglobin was monitored by measuring the absorbance of the supernatant at 418 nm 

(Asample) on a plate reader. Controls for 0 and 100% neutralization consisted of RBC 
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incubation with 2 µM melittin without NPs (Amel) and a RBC suspension without melittin and 

NPs (Anomel), respectively. The percentage of neutralization was calculated with;  

(Asample –Amel )/(Anomel –Amel ) X 100=% Neutralization 
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Chapter 4: An Investigation of NIPAm/TBAm Nanoparticle Structure 

Using Small Angle Neutron Scattering 

  

A. Introduction 

Nanoparticles (NP) composed primarily of N-isopropylacrylamid (NIPAm) and 

synthesized by precipitation polymerization are being considered for a variety of 

applications in biotechnology and medicine.  Often hydrophobic and charged co-monomers 

are being included in these polymerizations in order to engineer the physical properties of 

NPs for applications in drug, gene, and protein delivery.1 As indicated in the previous 

chapters, the chemical composition of NIPAm NPs is also being engineered to generate 

protein/peptide affinity reagents for purification, sensing and therapeutic applications. The 

affinity and selectivity of a NP to a particular biomacromolecular target arises from multiple 

noncovalent and complimentary hydrophobic, electrostatic, aromatic and hydrogen bonding 

interactions that occur at the NP-biomacromolecular interface. This mechanism of 

association is analogous to the binding interactions observed between the amino acid side 

chains of protein-protein complexes. However, the composition of proteins is not the only 

factor effecting affinity and selectivity. The spatial distribution of functional groups at the 

binding interface of proteins is also important in generating complimentary interactions. 

Thus the primary, secondary, and tertiary structure of proteins also contributes to the 

affinity and selectivity observed in protein-protein interactions. 

The secondary structure of proteins is dictated by the primary amino acid sequence 

which is carefully controlled in protein biosynthesis. In contrast, the free radical 
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precipitation polymerization used to make NIPAm based NPs results in a statistically 

random distribution of functional groups along a flexible carbon backbone. As a result, NPs 

are unlikely to contain rigidly defined structural elements analogous to protein helices, beta 

sheets or turns. However, the tertiary structure of globular proteins arises in part from the 

burial of hydrophobic amino acids to the interior of the protein structure and leaves more 

polar water soluble residues at the surface.2 Solvent swollen NPs containing a combination 

of hydrophobic and water soluble functional groups may also form internal globular 

structures. Due to the NPs size and random distribution of the functional groups it was 

hypothesized that hydrophobic moieties may cluster into globular structures within the 

interior of solvent swollen NPs (figure 4.1). These structures may stabilize the NP by serving 

as noncovalent crosslinks. Also, these structures would ultimately alter the volume density 

of functional groups in the NP and limit the accessibility of hydrophobic functional groups 

Figure 4.1 – Illustration representing NPs composed of NIPAm and the hydrophobic monomer TBAm. 
Hydrophobic globular domains that result from TBAm are indicated in brown. 
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for NP-protein interactions. To obtain some insight to the internal structure of these NPs, 

small angle neutron scattering (SANS) was used to probe the interior of NIPAm NPs 

copolymerized with the hydrophobic monomer tert-butylacrylamide (TBAm). In 

collaboration with Prof. Dale Schaefer, neutron scattering profiles were analyzed to ascertain 

the existence of hydrophobic domains within the NP which may contribute to the NP-protein 

interaction. 

Neutrons are subatomic particles with a neutral electric charge and a mass 

approximately that of a proton. The physics of neutron scattering is similar to that of photon, 

electron, and X-ray scattering and can be used to observe structural features at length scales 

ranging from 1-300 nm. Figure 4.2 depicts the basic elements of a scattering experiment.3 

Briefly, a sample of suspended NPs is exposed to a narrow incident beam of monochromatic 

neutrons. The elastic and coherent scattering of neutrons is then observed by a two 

dimensional array of detectors and compared to the incident beam. The intensity of neutrons 

deflected from the incident beam is described by the function I(q); I(q) accounts for the 

number of neutrons (intensity; I) deflected along a vector q from the incident beam. The 

Figure 4.2 – Illustration detailing the fundamental elements of a neutron scattering experiment. 
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scattering vector q is dependent on the size of the domains from which neutrons are 

scattered and the I(q) is dependent on the density of nuclei present within the domains. 

Larger particles will have a higher intensity at smaller q whereas smaller particles with a 

similar density will have a similar intensity at high q.  Also, due to multiple scattering events 

from a colloidal suspension, a periodic trend of high intensity rings will be observed to occur 

radially outward from the incident beam on the 2D detector. Data collected by the detector 

is then fit with a form factor (P(q)) which mathematically describes the shape and size of 

domains from which neutrons are scattered. Form factors exist for a number of structures 

including spheres, cylinders, ellipses, etc. Herein, the form factors of linear polymers, 

spheres, and “fuzzy spheres” are considered to describe the NPs structure and look for 

deviations from these form factors to elucidate the presence of high density hydrophobic 

clusters.  

 

B. Probing NPs with Different Size and Crosslinking Density 

The size and crosslinking density of NPs are important parameters when evaluating a 

NPs internal structure by SANS. The scattering intensity from structures within the NPs is 

dependent on the density of nuclei within a given volume of space. The nuclei density of 

hydrophobic clusters will generate strong scattering intensities that contrast with domains 

of lower nuclei density. In the SANS experiments conducted here we are searching for a 

higher nuclei density that arises from clustering of hydrophobic monomers. However, higher 

crosslinkning density may also cause an increase in the volume density of nuclei. Therefore, 

the density of nuclei which arises from crosslinkning must be lower than the density of nuclei 

in hydrophobic domains in order to provide sufficient contrast for observing the 
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hydrophobic domains. Furthermore, SANS detects structural features between 1 and 300 nm 

in size. However, longer experimental times are required to observe features of smaller sizes 

that have similar volume densities of nuclei and are of similar abundance. The abundance 

and size of these domains will very likely be dependent on the NPs overall size. 

To evaluate if clustered domains of hydrophobic functional groups exist within the NPs 

interior, SANS experiments were conducted on NIPAm-co-TBAm polymer NPs with different 

sizes. The NPs synthesized with the hydrophobic monomer tert-butyl acrylamide (TBAm). 

Previous results by Hoshino et al. indicated that increasing the amount of TBAm in NPs 

increased the NPs ability to bind the toxic peptide melittin.4 Therefore, NPs containing TBAm 

are used in these studies to determine if any structural elements within the NPs may have 

contributed to melittin binding. NPs were synthesized by a modified free radical 

precipitation polymerization containing 88 mol% NIPAm, 10 mol% TBAm, and 2 mol% of 

the crosslinker N,N'-Methylenebisacrylamide (BIS). The reaction was initiated by the 

thermal decomposition of ammonium persulfate at 60 °C and the NPs were purified by 

dialysis. In addition to the monomers and initiator, the reaction also included the surfactant 

sodium dodecyl sulfate (SDS).  It has been reported that a NIPAm particles crosslinking 

density and size can be controlled with the addition of surfactants. Due to the higher reaction 

rate of the BIS monomer, NPs have a greater density of crosslinking at the core which 

decreases radially outward from the NPs center.5 Addition of surfactants alters the 

precipitation polymerization mechanism such that the crosslinking density within the NP 

becomes more uniform.6 Also, the NPs size is greater when the concentration of surfactants 

is increased. 
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 A series of small scale reactions were conducted to screen for optimal conditions to 

generate NPs of different size for SANS experiments. NIPAm NPs containing 10 mol% TBAm 

and 2 mol% BIS were synthesized in the presence of different concentrations of SDS (2.5-45 

mg SDS/50 ml). As seen in figure 4.3, increasing the SDS concentration resulted in an 

exponential decrease in NP size. At the lowest SDS concentration examined (2.5 mg/50mL) 

the NPs size was ≈ 500 nm by dynamic light scattering (DLS) and the size decreased in an 

exponential fashion leveling off at ≈100 nm at higher SDS concentrations (40-45 mg/50mL). 

It is significant to note that the amount of SDS in each of the polymerizations did not exceed 

the critical micelle concentration for SDS, thus the generated polymers are a result of 

precipitation polymerization and not an emulsion polymerization. Conditions which 

generated 100, 150, and 300 nm sizes were selected to generate NPs for the initial SANS 

experiments. The synthesis was scaled up and after purification by dialysis monodisperse 

NPs with sizes of 70, 153, and 287 nm were obtained (Table 4.1). Finally, to obtain sufficient 

scattering intensities in SANS experiments, colloidal solutions of NPs must be at 

concentrations higher than 2% by weight. A number of methods were examined to  

Figure 4.3 – Size (Hd) by DLS of NPs as a function of SDS concentration in NIPAm NP precipitation 
polymerization. 
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Table 4.1: Hydrodynamic diameter (Hd) taken before and after dialysis and concentration 
of NPs selected from precipitation polymerization for SANS at different surfactant 
concentrations.    

  Pre-dialysis Post-dialysis Concentrated Concentrated 

Polymer 
SDS 

(mg/50mL) Hd (nm) Hd (nm) Hd (nm) PDI 

NP 1a 45 79 96 70 0.14 

NP 2a 15 173 180 153 0.02 

NP 3a 5 295 300 287 0.02 
      

concentrate the NPs (centrifugation, centrifugation filtration, etc.). The final method chosen 

to concentrate the NPs was evaporation. Concentration of the NPs by evaporation proved an 

adequate method because there was no apparent loss of polymer during the process, it could 

be done in a reasonable amount of time, and the solutions retained the properties of a stable 

colloid. To facilitate evaporation, the solutions were rotovaped under high vacuum at 35 °C. 

After sufficient water was removed, the quality of the colloids was confirmed by DLS. The 

colloids appeared homogenous after evaporation, and as seen in table 4.1, no signs of 

aggregation are observed.  

 The NPs listed in table 4.1 were then subjected to SANS experiments at Oak Ridge 

National Lab on the general purpose SANS instrument (CG-2).7 NP solutions were dialyzed 

against D2O for 2 days prior to scattering experiments to reduce incoherent scattering (i.e. 

background noise) from the solvent. SANS scattering data for all three polymers in D2O at 25 

°C is plotted in figure 4.4.  All the particles show a higher scattering intensity then the D2O 

control, and the intensity of the scattering at high q increases with respect to the NP size as 

measured by DLS. This indicates that SANS is detecting a general increase in NP size which 

correlates with the DLS measurements. However, the raw data obtained from SANS 

experiments conducted at 25 °C did not indicate the presence of smaller hydrophobic 
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domains in NPs 2a or 3a. Presence of a smaller domain of clustered hydrophobic monomers 

would result in a peak at lower q. Such a peak does appear to be present at a q of 0.01 Å-1 in 

NP 1a. However, the CG-2 Instrument utilizes two detectors to collect the scattered neutrons, 

one which detects a high q range of 0.001to 0.01 Å-1 and a second which detects at a low q 

range of 0.01 to .1 Å-1. The data collected from these two detectors overlaps slightly at 0.01 

Å-1, and the separate sets of data must be spliced together during data processing. It is likely 

that this small peak is an artifact of the detector overlap and the splicing of the data during 

processing.  

 The data obtained for all NPs at 25 °C indicates that the NPs cannot be defined as solid 

spherical particles. The form factors (P(q)) for a linear polymer and a solid spherical polymer  

Figure 4.4 – Neutron scattering intensity at vector q for NPs 1 (red), 2 (blue), 3 (green), and a D2O blank 
(yellow). All scattering profiles are conducted at 25 °C on the Oak Ridge CG-2 beam line.  
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Figure 4.5 – Form factors (P(q)) for a flexible linear polymer (A), spherical particle (B), and a “fuzzy particle” 
(C) that serve as models for the scattering intensity (I(q)) of neutrons along a vector q. Graphs indicate 
scattering profiles for a linear polymer, spherical particle, and fuzzy particle given parameters provided in ref, 
#, #, and #, respectively. The P(q) of C combines elements of a spherical particle (red) and a linear polymer 
(black). A notable feature of a spherical particle with uniform length density is a porod behavior, as evidenced 
by the slope of I(q)≈q-4 (dashed line; B). Note: A(q) (red) of (C) is equivalent to the formula in the brackets of 
(B).     

A) 

B) 

C) 
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are depicted in figure 4.5. The P(q) of a linear polymer defines a mobile chain which has a 

large distribution of length densities (i.e. conformations) with multiple interfaces.8 The P(q) 

of a monodisperse solid spherical particle defines a spherical structure with uniform 

scattering length density throughout the structure and a sharp interface between the particle 

and solvent.9 It is significant to note that a monodisperse sphere of uniform length density 

will have a scattering profile with peaks following a periodic trend according to Porod’s law 

(I(q)≈q-4) due to a single neutron being scattered by multiple NPs. Therefore, spectra 

containing peaks which fall on a q-4 slope are indicative of a solid spherical particle with 

uniform length density. Porod behavior was not observed in the scattering profiles for all 

NPs examined at 25 °C, indicating that these NPs are not solid spherical particles with a 

uniform length density.  

The spectra collected for NPs at 25 °C requires a combination of the linear and 

spherical form factors in order to accurately describe the NPs examined here. A peak at large 

q is observed for all NPs. This is a result of a neutron crossing the interface between the bulk 

solvent and the exterior of the NP and the profile of this section of the spectra is similar to 

that expected from a spherical particle. However, porod behavior is not observed at lower q 

and thus a spherical model is not able to describe the data in its entirety. Also, at this 

temperature the NPs polymer network is penetrated by water and the material may be best 

described as a hydrated NP. As a consequence, polymer segments within the NP are mobile 

and their conformations are fluctuating. Therefore, the data at low q is best described by a 

P(q) for a linear polymer. This analysis indicates that P(q)’s which describe a spherical 

structure with a fluctuating network best describe the scattering data obtained at 25 °C. 

Stieger et al. developed a P(q) for a “fuzzy particle” which combines elements of linear and 
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spherical P(q)’s (figure 36, C).10 This P(q) describes a spherical particle, but contains a 

Lorentzian term that accounts for the fluctuating network. The P(q) of a “fuzzy sphere” 

results in a scattering profile which appears similar to the data collected for all NPs at 25 °C 

(Figure 4.5), and thus may be an adequate model to evaluate NPs examined here. Our goal is 

to determine if there are clustered hydrophobic domains within the interior of the NPs. It is 

apparent from the scattering profile that there is little deviation of the collected data from 

that of a “fuzzy sphere” and this model does not contain elements which could be attributed 

to internal globular domains. This analysis indicates that the NPs do not contain hydrophobic 

globular domains at 25 °C. 

NPs composed of NIPAm are thermally responsive materials and undergo phase 

transitions in response to changes in temperature. Below the volume phase transition 

temperature (VPTT) the NPs are solvent swollen. When the temperature is increased above 

the VPTT the NPs undergo hydrophobic collapse, causing a reduction in NP size and 
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expulsion of water from the network. As seen in figure 4.6, DLS experiments conducted from 

10-40 °C confirm that NPs 1a-3a undergo a phase transition with a VPTT of ≈25 °C. 

Theoretically, polymer segments containing a greater proportion of hydrophobic monomer 

will associate at lower temperatures. Therefore, globular domains may be better observed 

when the temperature of the NPs is increased. In fact, Keerl et. al. observed the formation of 

domains as a result of temperature change in SANS experiments with NIPAm microparticles 

(MPs) copolymerized with N-isopropylmethacrylamide (NIPAMAm).11 As seen in figure 4.7, 

below the VPTT these MPs have a scattering profile similar to a “fuzzy sphere” at 20 °C, 

Figure 4.7 - Drawing of the internal nanophase separated structure at the VPTT of the PNIPMAM-PNIPAM-
microparticls (A). SANS scattering data and fits (B) of the copolymer PNIPMAM/PNIPAM(50/50) in D2O in the 
swollen state (20 °C), during the collapse (38 °C) and in the collapsed state (53 °C). There is a clear deviation 
from porod behavior (arrow). Note that the 20 and 38 °C curves were shifted vertically for comparison. Figures 
reproduced from [11]. Copyright 2009 American Chemical Society. 

A) 

B) 
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analogous to NPs 1a-3a at 25 °C. Above the VPPT (53 °C), the MP is observed to be completely 

collapsed and appears to form a spherical particle that conforms to Porod’s law. However, 

particles deviate from each of these form factors at temperatures close to the VPTT and the 

deviation at q≈.02 Å-1 provides evidence for the formation of a clustered domain within the 

NPs. A VPTT of ≈42 °C was observed for NIPAMAm homopolymer MPs whereas NIPAm 

homopolymer MPs have a VPTT of ≈32 °C. As a result of the different VPTT’s, domains 

containing a high proportion of NIPAm will be collapsed before reaching the VPTT of 

NIPAMam. It is significant to note that these domains may also be a result of the different 

reactivity ratios between NIPAMAm and NIPAm. However, these results suggest that the 

formation of domains occurs from the particles phase transition and indicates that 

temperatures equivalent to the VPPT or above may initiate the formation of globular 

hydrophobic domains in NPs 1a-3a.  

 To evaluate if hydrophobic domains appear as a result of the NPs phase transition, NP 

2a was subjected to scattering experiments at 20, 25, 30 and 35 °C. The results in figure 4.8, 

indicate that the NPs structure is similar to that of a “fuzzy sphere” form factor at 20 and 25 

°C. At 30 and 35 °C, the NPs are observed to have porod behavior and are best described as 

spherical particles with a uniform scattering length density. Also, the peak at low q of NPs 

examined below the VPTT (20 °C) is observed to shift to higher q as the temperature is 

increased. These results clearly indicate that the NP is undergoing a phase transition from a 

large solvent swollen sphere with a flexible internal network to a smaller ridged particle with 

a stable uniform density. The results clearly indicate that there is no deviation from the 
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expected form factors and this indicates there are no globular hydrophobic domains within 

the NP. Therefore, these experiments suggest that hydrophobic clusters of TBAm do not form 

in the NP interior at any temperature.  

 

C. Probing NPs of Different Composition and with Greater Contrast. 

One advantage of neutron scattering over other scattering techniques, is its sensitivity to 

isotopes. Photons and electrons scatter due to interactions with the atomic electron cloud, 

which is not significantly altered by changes in the nuclei. However, neutron beams interact 

with the atomic nuclei and thus neutron scattering is very sensitive to isotopic changes. As a 

result, a significant amount of contrast can be engineered in SANS experiments by including  

Figure 4.8 – SANS scattering profile for NP 2a at 20 (red), 25 (blue), 30 (green), and 35 °C (yellow) in D2O. 
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Table 4.2: Composition, Size, Polydispersity, and Weight % of NPs Evaluated by SANS. 

Polymer %TBAm  %dTBAm 
weight 

% 
Hd 

(nm) 
PDI 

NP 1b - - 5 305 0.05 

NP 2b 10 - 5 188 0.002 

NP 3b - 10 5 186 0.018 

NP 4b 20 - 3 94 0.054 

NP 5b - 20 3 90 0.031 

NP 6b 40 - 3 78 0.036 

NP 7b - 40 3 82 0.004 

isotopes. In previous experiments, it was assumed that the contrast between the bulk NP and 

clustered hydrophobic domains would be large. However, the scattering intensities of the 

hydrophobic domains may be small due to a small size or low abundance. As a consequence, 

there would be insufficient contrast in density from that of the bulk polymer which is 

necessary to observe the hydrophobic clusters. Furthermore, TBAm is a water soluble 

monomer, and NPs polymerized with only 10 mol% TBAm may not have a sufficient number 

of hydrophobic groups to cause clustering of separate polymer chains. To address these 

issues, a series of NPs was synthesized with 0 to 40 mol% TBAm and second set of NPs was 

also synthesized with deuterated TBAm (dTBAm) monomers. The addition of more TBAm 

and the greater contrast provided by dTBAm may allow for the detection of hydrophobic 

domains in the NPs interior. NPs containing 0-40 mol% TBAm, and dTBAm were 

synthesized, purified, and concentrated as previously described. Also these NPs are dialyzed 

against D2O prior to scattering experiments. The size and VPTT of NPs is altered by the 

amount of hydrophobic monomer.12 Increasing the mol% of hydrophobic monomer 

decreases the size and VPTT of the temperature responsive NIPAm NPs. Therefore, in these 

experiments NP size was not controlled with SDS, and all NPs were synthesized with an SDS  
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Figure 4.9 – (A) SANS profiles for NPs 1b (green), 2b (red), 3b (blue). (B) SANS profiles for NPs 6b and 7b. All 
experiments were conducted at 25 °C in D2O. All NPs containing dTBAm (blue) have higher scattering 
intensities than TBAm NPs of similar composition. Also, Better resolution is observed for NP 7 in comparison 
to NP 6 as a result of the deuterium labeled monomer.  

A) 

B) 
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concentration of 10 mg/50 mL. However, as seen in table 4.2, all concentrated NPs were 

determined to be monodisperse by DLS.  

NPs listed in table 4.2 were subjected to SANS measurements on the Low-Q 

Diffractometer (LQD) at the Lujan center of Los Alamos National Lab.13 The scattering 

profiles for NPs containing TBAm are observed to be very similar to those containing the 

same mol% of dTBAm. For example, the shape of the scattering data at 25 °C for TBAm NPs 

2b and 6b are plotted against dTBAm NPs 3b and 7b in figure 4.9. The shape of the scattering 

profiles is the same for NPs containing TBAm and dTBAm, but the scattering intensity is 

greater for NPs containing dTBAm. The size by DLS and similar profiles from the scattering 

data indicates that the polymerization procedure is highly reproducible. Also, the greater 

intensity of the dTBAm NPs is a result of increased scattering from the larger deuterium 

nuclei. Furthermore, the resolution of the scattering from dTBAm appears to be better than 

that of TBAm as evidenced by more discernable porod features at lower q (.02 - .05 Å-1) for 

NP 7b in comparison to NP 6b. Due to the better resolution obtained from scattering 

experiments with dTBAm, further experiments were restricted to the deuterated polymers.  

 The SANS data obtained for NPs 1b, 3b, 5b, and 7b is depicted in figures 4.10 and 4.11. 

As discussed in the previous section, the phase transition of NIPAm NPs may induce the 

formation of hydrophobic domains within the NPs interior, thus these NPs are also examined 

at temperatures above, at, and below the VPTT. However, it is again significant to note that 

the inclusion of hydrophobic monomers retards the phase transition properties of NIPAm 

NPs and NPs containing large amounts of hydrophobic monomer (≥ 20 mol%) do not 

undergo a temperature induced phase transition. However, the phase transition of NPs 1b  
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Figure 4.10 – SANS profiles for NPs 1b (A) and 3b (B) in D2O. The temperature was changed to evaluate the NPs 
structure throughout the phase change; 25 (red), 30 (blue), 35 (green), and 40 °C (yellow). 

A) 

B) 
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Figure 4.11 - SANS profiles for NPs 5b (A) and 7b (B) in D2O. The temperature was changed to evaluate the NPs 
structure throughout the phase change; 25 (red), 30 (blue), 35 (green), and 40 °C (yellow). 
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and 3b is retained. The scattering profiles of NPs 1b and 3b (figure 4.10), and their change 

with respect to temperature, look very similar to that obtained previously for the 150 nm NP 

containing 10 mol% TBAm (NP 2a). Below the VPTT, NPs 1b and 3b appear to conform to a 

“fuzzy particle” form factor and may be described as spherical particles with a fluctuating 

internal network. Also, as NPs 1b and 3b are heated above their respective VPTT’s the 

scattering profiles transform and are best described as ridged spherical particles with a 

uniform scattering length density. The transformation to a spherical particle of uniform 

scattering length density is evidenced by the appearance of porod behavior (I(q)=q-4). The 

phase transition of NP 1b, which contains no dTBAm, is observed to occur between 30 and 

35 °C. In comparison, the phase transition of NP 3b, which contains 10 mol% dTBAm, occurs 

between 25 and 30 °C and indicates that the hydrophobic functional groups are decreasing 

the VPTT. The phase transition of NPs with 10 mol% dTBAm occurs at ≈25 °C (Figure 4.6), 

thus NP 3b is at its VPTT at 25 °C. The scattering profiles obtained for NP 3b at and above 

the VPTT conform to the “fuzzy particle” and spherical particle form factors, respectively. No 

deviation from these models is observed in the scattering data for NP 3b, thus there is no 

evidence to support the presence of hydrophobic clusters within this NP. Furthermore, NPs 

5b and 7b (Figure 4.11) conform well to a spherical particle form factor and the scattering 

profiles clearly show porod behavior (I(q)=q-4). As with NP 3b, no deviation from the model 

is observed for NPs 5b and 7b. Overall, this analysis establishes that the inclusion of the 

hydrophobic monomer TBAm does not generate globular structures within a NP, even when 

the NPs structure is altered by a temperature induced phase transition. 
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D. Conclusion 

 In conclusion, we have synthesized a series of NIPAm NPs containing the hydrophobic 

co-monomer TBAm and analyzed the internal structure with SANS to identify clustered 

domains of the hydrophobic component. A range of NP sizes, compositions, and phases were 

examined while seeking evidence of internal domains that may arise from the clustering of 

hydrophobic functional groups. Isotopic labeling of the hydrophobic monomer was also 

utilized to increase experimental resolution and sensitivity. NPs were observed to conform 

well to established form factors under all conditions examined, and no deviation from these 

models was observed. These results establish that aqueous solutions of NIPAm NPs 

containing the TBAm functional group do not contain clusters of TBAm within the NP 

interior. Instead, the TBAm functional group is uniformly distributed throughout the NP. 

NIPAm NPs containing TBAm have been investigated for their affinity and selectivity to a 

number of biomacromolecular targets with proposed applications in biotechnology and 

medicine. These results indicate that there are no internal hydrophobic domains which may 

contribute to the NP structure or alter the NP-biomacromolecular affinity. Instead, the TBAm 

monomer is uniformly distributed and accessible for protein binding. 
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H. Experimental 

 Materials 

The following materials were obtained from commercial sources: N-

isopropylacrylamide (NIPAm), tert-butanol-d10 (>99%), and ammonium persulfate (APS) 

were from SIGMA-ALDRICH Inc.; sodium dodecyl sulfate (SDS) was from Aldrich Chemical 

Company, Inc.; N,N’-methylenebisacrylamide (BIS) was from Fluka; N-t-butylacrylamide 

(TBAm) was from ACRŌS ORGANICS, Deuterated water (D2O) was from Cambridge Isotope 

Labrotories Inc. Deuterated tert-butylacrylamide was synthesized from tert-butanol-d10 

according to reference [14]. NIPAm was crystalized from hexanes before use. Other 

chemicals were used as received. All water used was purified using a Barnstead Nanopure 

Diamond TM system. Nanoparticle size and polydispersity was determined with a 

MelvernZEN3600 dynamic light scattering instrument.  

 Procedures 

Preparation of polyacrylamide nanoparticles.  Stock solutions of NIPAM (X mol%) 

and BIS (2 mol%) were made by dissolving in nanopure water. Stock solutions of the 

hydrophobic monomers TBAm or dTBAm (Y mol%) were also made by dissolving in ethanol. 

All monomers were filtered through a 0.2 micron syringe filter and added in the necessary 

ratios to generate a total monomer concentration of 65 mM in 50 mL of nanopure water. SDS 

(1 mL, 2.5-45 mg/mL in nanopure water) surfactant was also added to each reaction. The 

solutions were degassed for 30 min with nitrogen while stirring and the reactions were 

initiated with ammonium persulfate (1 mL, 30 mg/mL in nanopure water). The reaction was 

carried out under a nitrogen atmosphere with gentle stirring for 3 h at 60 °C. The polymer 

solutions were then purified by dialysis against an excess amount of deionized water, 
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changed twice daily for four days. The mass concentration of NPs was then determined after 

lyophilization, and then aliquots of the solution were concentrated under vacuum at 37 °C to 

>2% w/w. Nanopure water was then exchanged with D2O by dialysis over 24 h, changed 

once. 

Dynamic Light Scattering (DLS). The hydrodynamic diameter and polydispersity of 

NPs was determined in aqueous solutions (nanopure water; 25 ± 0.1 °C to 40± 0.1 °C) with 

a dynamic light scattering (DLS) instrument equipped with the zetasizer software Ver. 6.12 

(Zetasizer Nano ZS, Malvern Instruments Ltd). Stock NP solutions were diluted with 

nanopure water by a factor of 10 and concentrated NPs were diluted by a factor of 100 prior 

to measurement. The refractive index of acrylamide beads was used as the standard and all 

DLS data meets quality criteria set by Malvern.  

Small Angle Neutron Scattering (SANS); Oak Ridge CG-2. SANS experiments for NPs 

1a-3a were performed using the General-Purpose Small-Angle Neutron Scattering 

Diffractometer (GP-SANS) CG-2 at Oak Ridge National Laboratory (ORNL). Details of this 

instrument15 and the data reduction16 have been described elsewhere. The scattering vector 

modulus is given by q=4π sin(θ)/λ where θ is the scattering angle and λ is the neutron 

wavelength. Measurements were made over a q-domain from 0.03 to 3 nm-1. NP solutions 

were placed in UV spectroscopic grade, fused silica cells with 2 mm path length for the SANS 

measurements. The temperature was controlled by an external thermostat. Data were 

corrected for background scattering and calibrated on an absolute scale by incoherent water 

scattering according to the standard procedures at the ORNL. Data reduction and analysis 

was conducted with Igor Pro 6.217 and appropriate data was modeled with spherical form 

factors as described elsewhere.9 
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Small Angle Neutron Scattering (SANS); Los Alamos Low-Q Diffractometer (LQD). 

SANS experiments for NPs 1b-7b were performed using the Time-of-Flight Low-Q 

Diffractometer at the Manuel Lujan Jr. Neutron Scattering Center at Los Alamos National 

Laboratory (LANL). Details of this instrument18 and the data reduction16 have been 

described elsewhere. The scattering vector modulus is given by q=4π sin(θ)/λ where θ is the 

scattering angle and λ is the neutron wavelength. Measurements were made over a q-domain 

from 0.04 to 3 nm-1. NP solutions were placed in UV spectroscopic grade, fused silica banjo 

cells with 2 mm path length for the SANS measurements. The temperature was controlled by 

a water bath with an external thermostat. Data were corrected for background scattering 

and calibrated on an absolute scale by incoherent water scattering according to the standard 

procedures at the LANL. Data processing was conducted with Igor Pro 6.217 and appropriate 

data was modeled with spherical form factors as described elsewhere.9 
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