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Abstract: Background: Polymer nanogels are increasingly used for the encapsulation of 
nano-solids and quantum dots such as in advanced forms of drug and therapeutic isotope 
delivery.  
Objective: Unlike ex vivo application of systems in vivo application and internalization 
are likely to suffer from aspects of failure to ensure safety and biocompatibility. Biocom-
patible hydrophilic poloxamer (Pluronic F108 and F68) micelles were studied by light 
scattering and tensiometry. 
Method: The micelles of nano-gels are synthetic heteropolymer aggregates, which are 
used to encapsulate drugs but in this study chemically-modified (hydrophobized) copper 
nano-spheres, for the purposes of demonstration for further application and medical use. 
Copper benzoate nano-particles (CuBzNPs) were produced by maceration and subse-
quently stabilized in Pluronic F108 solution was added at different concentrations.  
Results: The resulting particle size increase was studied by dynamic light scattering. Mod-
erate size increase was observed at low Pluronic F108 concentrations, which indicated suc-
cessful coating, but at higher F108 concentrations large size agglomerates formed. Coated 
copper benzoate nano-particles (CuBzNPs) were fabricated as a proof-of-principle and as a 
substitute for bare metal nano-particles (MNs), which were not successfully entrained in the 
poloxamer nano-gel. As part of the synthesis copper benzoate (CuBz) beads and their char-
acterization through contact angle measurements were performed.  
Conclusion: Micelles sizes of 4 nm for F68 Pluronic at equilibrium surface tensions of 36 
mNm-1 were captured in weak, 1.25 to 2.0 Pas pseudoplastic gels fabricated from hy-
droxypropylmethylcellulose (HPMC).  
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1. INTRODUCTION 
Colloidal dispersions are used ubiquitously in 

applications as diverse as pharmacy and electronic 
engineering [1, 2]. Copper nanoparticles (NPs)  
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have a particular significance since copper possess 
paramagnetic capability and radio-isotopes of cop-
per have a desirable half-life [3-5]. Copper itself is 
toxic and although it is required by the body in a 
micro-nutrient capacity, the lethal dose for copper 
is in the low milligram range for an adult. How-
ever, by encapsulating the copper this helps to al-
leviate its pronounced and typical transition metal 
oxidative cell damaging potential [6-9] and the 
cellular and organism injury that ensues [10, 11]. 
Nanospheres of exceptionally small nano-scale 
dimensions of 1-3 nm are referred to as quantum 
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dots and may also be used in semiconductor roles. 
They are increasingly used in a photonic role and 
in the generation of surface plasmons for imaging 
and energy transfer processes, again often related 
to imaging and microscopy. Medical use of NPs is 
now commonplace and these are frequently util-
ized for medical treatment via photo-dynamic 
therapy (PDT), which converts high energy light 
into infra-red light [1, 12-14]. Soft matter nano-
assemblies include liposomes and vesicles, which 
are up to 200–1000 nm or more in size, can be as 
small as 5-10 nm for surfactant micelles but are 
more customarily 50-80 nm for nanoemulsions 
and polymer micelles [15-18]. Metal NPs due to 
their small size and increased surface area exhibit 
very different physicochemical properties, which 
make them very useful as therapeutic and diagnos-
tic agents and as vehicles of drug delivery [19]. 
Some NPs of 1–5 nm in size are also quantum dots 
(QDs) with unique optical properties. QDs show 
improved fluorescence, a narrow emission band 
and resistance to fading, when compared to tradi-
tional organic molecules, which can be utilized in 
several ways but are especially useful in 3D-
imaging and as triggers for light-driven chemical 
changes in vivo [7, 9]. Metal NPs can be made 
from gold, iron, silver, copper, iron oxides, man-
ganese oxide, cobalt, gadolinium [20] and other 
elements [21], with a summary list provided in 
Table 1.  

Metal NPs have several disadvantages, pre-
dominantly in that they are usually water insolu-
ble, they tend to agglomerate, can be toxic or 
cause immunogenic reactions and are quickly 
eliminated by the reticuloendothelial system 
(RES), which is the basis of foreign body removal 
from the blood and tissues [25]. Metal cellular tox-
icity is thought to be due to the generation of me-
tallic ions that inhibit the enzyme thioredoxin re-
ductase, leading to sub-cellular mitochondrial 
damage and reactive oxygen species proliferation. 
Sabella et al. [26] propose the “Trojan horse” 
mechanism of metal NP toxicity, where NPs that 
are internalized by energy dependent processes, 
such as endocytosis, i.e., the process that normally 
protects cells from toxic agents by of internaliza-
tion of the agent. Gamucci et al. [25] have given 
brief description of nanoparticle biocompatibility 
related to different types of coatings of products 
and the materials employed. Larger bare particles 
of >500 nm are primarily internalized via cellular 
processes such as, micropinocytosis or phagocyto-

sis mechanisms. Alternatively, particles in the 
range 20–200 nm, and often with useful catalytic, 
optical and magnetic properties [5], are efficiently 
taken up by macrophages or antigen-presenting 
cells via clathrin-coated endocytosis. Disguising of 
the NP surface by a coating can be achieved by 
chemical conjugation or physisorption coating of 
poly (ethyleneglycol) (PEG), which neutralizes the 
metal surface and makes it hydrophilic, prolonging 
NP circulation time. Many of these issues can be 
overcome by appropriately dispersing metal and 
metal oxide NPs into synthetic and naturally oc-
curring polymers or self-assemblies [3, 24]. 
Liposomes are a common encapsulation vehicle 
[12, 19] and several examples of already licensed 
anti-cancer drugs or chemical agents encapsulated 
by liposomes include the Visudyne®, Ambisome® 
and Doxil® vesicular therapeutic formulations. 
Among those Visudyne® used for treatment of 
macular degeneration of the eye by photodynamic 
therapy (PDT) and emission of light contains the 
optically-active organic molecule, verteporfin.  

In this article, work involves encapsulation of 
metal NPs for chemotherapy (CTX), radiotherapy 
(RTX) and phototherapy (PDT) applications. Use 
of copper (II) oxide (CuO), one of the more stable 
forms of copper is now widespread in pharmacy 
and medicine [3, 23, 27]. The compound has a use 
for quantum dots, as a coloring agent or for elec-
troluminescence from diodes, which means its ex-
tension as, for example a diagnostic tool. Cupric 
oxide functioning as a p-type (electron accepting) 
semiconductor for use in light emitting diode 
(LED) lamps is possible when layered with an n-
type junction semiconductor. The compound also 
can be used for ultraviolet (UV), visible and infra-
red (IR) photoluminescence applications and for 
lasers [23]. This type of photo-physics research 
may prove to be routinely used for skin applica-
tions and soft tissue oncology via the ongoing 
medical goal of designing more effective and tar-
geted ways excising inaccessible tumors [19]. An 
insightful means for treating inoperable cancers is 
to use light-activated, tumor-destroying species 
often based on propagation of IR or UV light [3, 
12]. This photodynamic therapy (PDT) approach 
allows clinicians to activate the labelled drug (ac-
tive species) only in the tumor itself and are thus 
ideally suited to brain, spinal cord, eye and heart 
photo-surgery but may also be used to destroy in-
fections [1, 12, 22, 28, 29]. At present, lasers rep-
resent one of the more common means of 
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Table 1. Examples of currently used metals nanoparticles (NPs), Benefits of encapsulation and summary of 
typical current medical products and researched objects.  

Details Example of Use Size (nm) Key Properties Medical Applications 

Cobalt (0) Imaging aid 2-7.5 SPM particles 

CA for XCT, SPECT, US, 
NCT; magnetic separation; 
cell labelling; DDN; MH 
treatment of tumors, MRI 

Copper (I) oxide, 
Cu2O 

Conjugation to ligands for 
oncology ~70 SC (p/n-type); anti-tumor 

agent PDT; CTX 

Copper (II) oxide, 
CuO Powerful oxidizing agent  ~100 SC (p-type); anti-tumor 

agent; weak FM 

PDT; CTX; RTX (64Cu, 62Cu); 
MB (via intracellular ROS); 

PL [22a, 23b] 

Gadolinium (III) 
diamide or 

chelates, Gd2O3 
T1 CA 80 Toxic; PM Reduction of T1 signal in MRI 

[20c] 

Gold, Au (0) 
LSPR; PH agent; QD; con-
jugation to ligands for on-

cology 
<100 Optical tuning; DDN LSPR imaging; PH and PDT; 

RTX (brachytherapy 198Au) 

Iron (III) oxide, 
Fe2O3, iron (II/III) 

oxide, Fe3O4 

Imaging agent; QD; USPIOs 
/ SPIOs 5–150 FM; SPM particles; dense 

material; SC 

CA for MRI, US, SPECT, 
PET; MH; stem cell tracking; 

magnetic separation tech-
niques [21d] 

Iron (II) oxide, 
FeO T1 CA 25 PM particles Reduction of T1 signal in MRI 

Manganese (II) 
oxide, MnO 

Conjugation to ligands for 
oncology 10-30 PM particles CA for MRI; DDN in CTX 

Platinum (IV) 
chelates 

Cisplatinum-diamine dichlo-
ride in mPEG/PLGA poly-

mer 
130-160 Toxic CTX [24e] 

Silver (0) Medical devices; biomedical 
imaging 1-100 MB; DDN LSPR imaging; CTX 

Key: ferromagnet (FM), superparamagnetic (SPM), paramagnetic (PM), local surface plasmon resonance (LSPR) semi-
conductor (SC), quantum dot (QD) nanoparticle, contrast agent (CA), reactive-oxygen species (ROS), small paramagnetic iron 
oxide (SPIO) – 60-150 nm, ultra-small paramagnetic iron oxide (USPIO) – 10-40 nm. Imaging techniques: magnetic resonance 
imaging (MRI), X-ray computed tomography (XCT), single photon emission computed tomography (SPECT), positron emis-
sion tomography (PET), ultrasound (US) and photo-luminescence (PL). Therapy types: microbial biocide (MB), drug delivery 
nanoparticle (DDN), chemotherapy (CTX), radiotherapy (RTX), (PDT), neutron capture therapy (NCT), magnetic hyperther-
mia (MH) and photonic hyperthermia (PH). Active-targeting or localized administration of encapsulated drug mean it can be 
released only at intended target site thus minimizing side-effects. Quantum dots are semiconductor particles with a size ~1-10 
nm. T1 and T2 are timed events for MRI imaging. References (a-e) are also cited in the text. 
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illumination but are cumbersome and expensive 
and inapplicable to physiological internalization. 

Juzenas et al. [1] provide a detailed description 
of quantum dots (QDs) and how their properties as 
photosensitizer and radio-sensitizer agents could 
make them useful as theranostic (therapeutic and 
diagnostic) agents [2] in cancer treatment. QDs are 
smaller in size than the exciton radius, which is an 
average distance between an electron and its hole 
when light absorption leads to excitation of an 
electron from the valence to the conduction band 
[14]. QDs exhibit the properties of a single mole-
cule and the electron energy levels in QDs can be 
described as atomic orbitals and have been demon-
strated to yield highly-reactive singlet oxygen 
(1O2) over ‘conventional’ triplet state oxygen 
(3O2), which can be useful in promoting cell apop-
tosis for destroying cancer cells [1, 7]. Surface 
plasmon resonance (SPR) or local surface plasmon 
resonance (LSPR) means certain materials permit 
oscillation of free electrons in the presence of 
light, such as to emit other energies of radiation in 
the form of light or heat [13]. QDs can be made to 
shift emission towards the red and near-infrared 
(NIR) region (especially 650–900 nm), which is 
useful for photothermal excision processes in 
medicine. Light emission due to QDs by LSPR is 
more reliable and consistent compared with or-
ganic compounds that show such properties, and 
this means particle based systems are highly-
favored. These oscillations are described by Taka-
hashi et al. [14] who constructed dual silver and 
iron-cobalt (Ag/FeCo) magneto-plasmonic hybrid 
NPs encapsulated in clathrin coated liposomes, as 
innovative tools to study cell biology and pathol-
ogy. In contrast, direct medical use is demon-
strated by plasmonic photothermal therapy when 
nanoparticle photonic ‘triggering’ by a NIR source 
laser was used in a recent study [30]. Unfortu-
nately, the toxicity of many common semiconduc-
tor QDs (Cd, CdSe, CdAs, GaAs, etc) and other 
species makes their potential routine medical use 
rather implausible. Nevertheless, Lajunen et al. 
[31], Thanh et al. [32] and Locatelli et al. [33] 
have proposed QDs as ideal tools for studying and 
monitoring nanoparticle delivery at cellular and 
systemic levels while replacing QDs with other 
drugs in real applications in vivo.  

The main imaging modes that are improved by 
incorporating metallic NPs are optical, magnetic 
resonance imaging (MRI), single photon emission 

computed tomography (SPECT), positron emis-
sion tomography (PET), computed tomography 
(CT) and ultrasound (US) imaging and drug deliv-
ery [34, 35], using theranostic nanoparticles [2]. 
Among these, optical imaging suffers from poor 
tissue penetration (0–2 cm), susceptibility to noise 
and background auto-fluorescence but that can be 
mitigated by NIR to some extent. However, MRI 
provides good spatial resolution but suffers from 
low sensitivity and requires administration of par-
amagnetic molecules such as gadolinium (Gd). 
This element has problems with slow excretion 
and long-term toxicity but may have a remedy in 
the encapsulation discussed by Kim et al. [20], 
involving gadolinium oxide nanoparticles. An al-
ternative could be iron oxide NPs chemically ‘tag-
ged’ on liposomes described in a study by Gopal et 
al. [4] that went on to explore chitosan-based cop-
per nanocomposites (CCNC) in wound healing. 
Chitosan was chosen because of its biocompatibil-
ity and also by virtue of its wound healing proper-
ties that would work synergistically with copper 
ions. Chemically modified cellulose, known com-
mercially as hypromellose (HPMC) is used in 
cosmetics, dissolving oral films and pharmaceuti-
cal tablets as a binding and structuring agent but 
provides a means of delivering and dosing the 
nanogel suspension and it is the intention in this 
research to investigate nanoparticle carrying-
micelles entrapped in such gels. As part of this 
process is would be necessary to ensure entrap-
ment of the metallic NP in the micelle.  

Poloxamers are often used in state-of-the-art 
drug delivery systems due to their particular char-
acteristics arising from a tri-block structure that 
consists of central hydrophobic polypropylene ox-
ide (POP) chain and two side chains of hydrophilic 
polyethylene oxide (PEO). By varying the hydro-
phobic/hydrophilic chain length and ratio, polox-
amers with different properties can be manufac-
tured easily. Coupled with a biocompatible nature, 
poloxamers are ideal agents for encapsulating 
metal NPs given the ease of synthesis and engi-
neering. Poloxamers at certain concentrations and 
temperatures spontaneously assemble into mi-
celles, forming a hydrophilic shell and a hydro-
phobic core. These micelles have a narrow size 
distribution therefore, they offer advantages in the 
encapsulation of lipophilic or even insoluble 
drugs. The size of micelles can vary from 20 to 
200 nm, ensuring good penetration of blood ves-
sels and long-lasting distribution in the body [36]. 
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The surface of the metal NPs is positively charged 
and attracts polar molecules (e.g., water) and can 
be very reactive. To enable effective encapsulation 
in a hydrophobic micelle core, such a species 
would need to be functionalized by a lipophilic 
group, such as carboxylic acid, thiol, vinylpyrroli-
done and other groups [32, 37, 38]. 

2. MATERIALS AND METHODS 
2.1. Materials Used  
2.1.1. Gums, Purchased Nanoparticles and Sur-
factants 

Benecel® E6 type: 2910 (product number: 
424673, lot: 1458620, molecular weight MW 
40000 (chemically known as low viscosity hy-
droxypropylmethylcellulose or hypromellose) and 
was obtained from Ashland Inc., USA. An aque-
ous dispersion of 2% w/v of Benecel® gives a vis-
cosity of 4.8-7.2 mPas. Copper (II) oxide (CuO), 
>99.95% purity, MW 79.5, 25-55 nm nominal size, 
stock number: US3063, CAS: 1317-38-0, size 
25g) was obtained from US Research Nanomateri-
als Inc., Houston, USA. The copper nanoparticles 
were degreased by successive rinses in solvents of 
diminishing lipophilicity (in the order: hexane, 
chloroform, ethanol, water). The inhibitory (toxic) 
concentration of copper for algal species is ap-
proximately 12 mgL-1 [28]. Pluronic® F68 Pastille 
(poloxamer 188; MW 8400, ~80% ethylene oxide, 
HLB ~32, product number: 412325, lot number: 
WPYY-647C) and Pluronic® F108 Prill (polox-
amer 338; MW 14600, ~80% ethylene oxide, HLB 
~29, product number: 583062, lot number WPMX-
534B) were obtained from BASF, USA. Sodium 
dodecyl sulfate ultrapure (CH3(CH2)11SO4Na, 
>99% purity, MW 288, product number: 166-100, 
batch number: 16416, CAS 151-21-3) was ob-
tained from Fisher Scientific, UK. 

2.1.2. General Reagents 
The majority of stock reagents were used in the 

study these were obtained from Fluka, Sigma-
Aldrich, Fisher, and VWR. Anhydrous copper (II) 
sulfate (CuSO4, >99% purity, MW 159.6, type: 
C/8600/50, lot: 1140130) used to make nanoparti-
cles was obtained from Fluka, Germany. Sodium 
benzoate (C6H5COONa, a food/pharmaceutical 
fungicide and preservative (number E211) is used 
at concentrations of <0.1% w/v in foods, >99% 
purity, MW 144, type: A15946, lot: 10191620) was 
obtained from Alfa Aesar, England. Sodium ben-

zoate has a log P value of 1.87 (solubility 690 mgL-
1), indicating moderate lipophilicity and at pH 7 in 
buffer the acid is 100% ionized (pKa ~4.2). The 
median toxicity for humans based on animal mod-
els and is moderate for copper sulfate (LD50 (rat, oral) 
= 300 mgkg-1) and low for benzoic acid (LD50 (rat, 
oral) = 4100 mgkg-1). Disodium hydrogen phosphate 
dihydrate (Na2HPO4⋅2H2O, >98% purity, MW 178 
product: S/4440/65, lot: 0307261), sodium dihy-
drogen phosphate dihydrate (NaH2PO4⋅2H2O, 
>98% purity, MW 156, product: S/3720/65, lot: 
1285646), sodium hydroxide pellets (>98% purity, 
MW 40, type: 714695, lot: 433837/1), 5 moldm-3 
nitric acid manufactured from concentrated nitric 
acid specific gravity (SG) 1.42 (70% w/v, >98% 
purity, MW 63, product: N/2250/PB17, lot: 
1344248), hydrochloric acid SG 1.18 (37% w/v, 
>98% purity, MW 36.5, product: H/1150/PB17, lot: 
1674520), sulfuric acid SG 1.83 (>95% w/v, >98% 
purity, MW 98, product: S/9240/PB17, lot: 
1538152) were all obtained from Fisher Scientific, 
UK. Potassium dichromate (KCr2O7, >99% purity, 
MW 294, product: 26784.231, lot: 13D290030, 
AnanlaR NORMAPUR grade) was obtained from 
VWR, Belgium. 

2.2. Methods Used 
2.2.1. Making and Using Ultra-purified Water 

Pure water was fabricated to a resistance of 
18.2 MΩ, the surface chemically pure double 
deionized water (γ = 72.8 mNm-1 at 20°C) pro-
duced was used in all experiments and rinsing op-
erations. Purification of high grade deionized wa-
ter via reverse osmosis and hydrophobe adsorption 
filters was undertaken on a Pure Lab Pulse 1/2 
combined water purification system, ELGA, High 
Wycombe, UK.  

2.2.2. Contaminant Removal 
To aid removal of interfering grease, surfac-

tants, polymers and metals all glassware were 
cleaned with sulfo-chromic acid, to remove trace 
contamination of surface-active and catalytic ma-
terials. The cleaning agent was prepared from a 
saturated solution of potassium dichromate in con-
centrated sulfuric acid. After several minutes of 
immersion all glassware used was rinsed exhaus-
tively to pH neutrality with double deionized sur-
face-chemically pure water. The glassware was 
then allowed to dry under ambient conditions in an 
inverted position at 25°C.  
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2.2.3. Phosphate Buffer Universal Solvent and 
Dispersant  

All sample containing solutions were prepared 
in 0.05 moldm-3 sodium phosphate buffer adjusted 
to pH 7.0 unless otherwise stated [39]. To adjust 
the pH to exactly 7.0, a few drops of sodium hy-
droxide or hydrochloric acid were added at 25°C. 

2.2.4. Synthesis of Coarse Copper Nanoparticles 
Synthesis of copper (II) nanoparticles was 

achieved by substituting the sulfate anion of finely 
ground cupric sulfate with sodium benzoate in a 
molar ratio of 1:2 to create a precipitate, which 
was filtered through a Sartorius 0.45 µm PTFE 
filter unit in triplicate. The precipitate was filtered, 
sifted, graded and washed with copious amounts 
of deionized water and dried in an oven at 80°C 
over a period of a week so as to have a final dry 
particle size of <450 nm. To aid dispersal and pre-
vent clumping for accurate sizing some copper (II) 
benzoate samples were prepared in 1 mmoldm-3 
SDS. The same fine near-spherical copper benzo-
ate (CuBz) particles were examined for their hy-
drophobicity using water contact angle measure-
ments. Approximately, 0.3 g CuBz powder in 50 
mL of 1 mmoldm-3 SDS solution and its copper 
content were measured by using microwave 
plasma atomic emission spectroscopy and sizing 
by dynamic light scattering (DLS) at 25°C. 

2.2.5. Surface Tension Measurements 
The surface tension was measured using the 

Wilhelmy plate method, which involves measuring 
the weight of an immersed glass plate in solution 
with a transducer. The surface tension was calcu-
lated by using an MS Excel spreadsheet written to 
measure dynamic surface tension based on appro-
priate calibration. Whenever possible, the meas-
urement was performed in triplicate (n = 3) and the 
average value was used. The purpose-built appara-
tus was constructed from a combination of modu-
lar devices and software. These include a Power-
Lab ML826 analog-digital 2/26 converter (serial 
no. 226-0075), MacLab bridge amp (No. 2623) 
and PanLab (TR1202PAD) isomeric transducer 
(no. 727509), and Chart 5 (2006) software, ADIn-
struments, Australia. The custom built apparatus 
uses a replaceable plate fabricated from a 2 cm × 2 
cm × 0.1 mm microscope slide coverslip and hold-
ing loop-cemented onto the ground glass surface. 
Measurements were made at 20°C following a 15 
minute equilibration period [35, 39]. 

2.2.6. Contact Angle and Surface Hydrophobicity 
Measurements 

Dried precision-levelled CuBz powder was 
pressed with a hardened glass plate into a flat-bed 
pellet under 3 kg 100 cm-2 surface placed on a pla-
nar hardened glass support, to exclude all possible 
air cavities and present a flat uniform surface of 
sub-millimeter roughness. A 0.05 mL droplet of 
ultra-pure water was gently placed on the surface 
as a sessile drop and allowed to equilibrate for 10 
minutes. Triplicate measurement (n = 3) of ad-
vancing (θa) and receding contact angle (θr) was 
made at 25°C.  

2.2.7. Microscopy 
CuO and CuBz images undertaken in triplicate 

(n = 3), were captured with ×1 or ×2 zoom with a 
3 mm aperture camera (picture quality 12 MPix-
els/field of view) linked to a Nikon Eclipse E200 
MV RS (serial number: 105954) binocular light 
microscope (Japan) with magnification 40 times 
normal. Sizes were estimated by comparison (n = 
3) with a calibrated 25 µm gold-plated tungsten 
wire (Luma Metall, Sweden) at 25°C. The magni-
fication of sample for measurement was provided 
by a ×40/NA0.65 Plan (∞/0.17 WD 0.65) detach-
able lens also from Nikon.  

The morphology and sizing of copper nanopar-
ticles was studied using a high-resolution trans-
mission electron microscope (TEM) with a JEOL 
JEM-2200FS (USA) operating at an accelerating 
voltage of 200 kV with field emission gun. Aque-
ous samples were diluted 10-fold with distilled 
water and of 100 µL having been 0.22 µm filtered 
were deposited onto plasma-etched, carbon-
Formvar coated 200-mesh copper grids (Agar Sci-
entific, UK). Once wick-uptake drying excess so-
lution with filter paper was completed all the sam-
ples were allowed to further air dry. Equilibrated 
samples were then loaded under high vacuum into 
the TEM holder ready for measurement [19]. 

2.2.8. Particle Size, Morphology and ζ-potential 
Measurements 

Zetasizer® Nano ZS90 (model ZEN3690, serial 
no. MAL 1057082), Malvern Instruments, UK was 
used for Sauter average hydrodynamic diameter 
(d3,2) size measurements in the range 0.3-3000 nm. 
As part of the dynamic light scattering technique, 
the Zetasizer provided the z-average value of the 
particle sizes of the particulates within the sample. 
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Set to solvent refractive index 1.33, solvent viscos-
ity 1.0 mPas (0.8872 cP), dispersant dielectric 
constant of 78.5, measurement temperature 25°C, 
polydispersity was customarily in the range 0.5-
1.0 and the count rate per second was typically 30-
40 kcps, Estimates of size were based on an aver-
age of three measurement scans of 10 individual 
counts (n = 10). The scattering angle was set to 
90° from a laser tracking system of 0.1-1 mW 
power and wavelength of 830 nm. Particle hydro-
dynamic diameter was measured using an ap-
proximation of Mie theory and the Stokes-Einstein 
equations written into the Zetasizer version 7.11 
software, and particle surface charge (ζ-potential) 
was measured via the application of a variable po-
tential (± 5 volts; ± 5 mA current) and Smolu-
chowski approximation across three scans (n = 3), 
which was used for provision of the zeta-potential 
using the in-built anemometer [40, 41]. All sam-
ples were ultrasonicated for 3 minutes and filtered 
through a 0.45 µm PTFE porous filter units prior 
to measurement. Sizing used a 1 cm path length 
four clear-windowed plastic cuvette (CXA-110-
005J UV grade cuvette, lot: 11388773), Fisher 
Scientific, UK whereas zeta-potential measure-
ments required use of a polycarbonate folded cap-
illary cell (product DTS10T0) from Malvern, UK. 

2.2.9. Metal Identification and Measurement by 
Atomic Spectroscopy  

A sample of 0.3 g of prepared CuBz (approxi-
mate stoichiometry 1:2, Cu:benzoate) was dis-
persed in 50 mL of 50 mmoldm-3 sodium phos-
phate buffer at pH 7.0; this represents a concen-
tration of 6000 mgL-1 or 6000 ppm (~0.0196 
mmoldm-3). After stirring for 10 minutes and fol-
lowed by a standing time of 1 hour, 1mL of the 
clear upper portion of the sample (vast majority) 
was diluted to 40 mL with phosphate buffer and 
sodium dodecyl sulfate (SDS) to a final SDS con-
centration of 1 mmoldm-3. This was to ensure 
even and continued dispersal of the colloidal 
CuBz (total concentration 150 ppm). This formed 
the primary analytical sample and was used to 
estimate the concentration of colloidal matter in 
suspension. In addition, after decanting away the 
clear portion the sediment present was dried, re-
suspended and subjected to further assay for cop-
per by microwave plasma-atomic emission spec-
troscopy (MP-AES) for the CuBz NPs without 
included Pluronic. This formed the primary ana-
lytical sample for the sedimented fraction. All 

other samples were estimated by difference be-
tween the measured suspended loads versus theo-
retical total copper included. 

Approximately, 1.00 mL of the primary ana-
lytical sample suspension of either copper oxide or 
copper benzoate (CuBz) were combined with 1 
mL of concentrated nitric acid and diluted to 50 
mL with deionized water and agitation then made 
up to a volume of 100 mL. Microassay of copper 
concentration (C) in solution performed in tripli-
cate (n = 3), was estimated by an experimental set-
up using a 4100 MP-AES microwave plasma 
atomic emission spectroscopy system G8000A (se-
rial number AU1302362), Agilent Technologies, 
USA. The intensity (I) of light of a specific wave-
length (λmax = 324.745 nm) is both indicative and 
informing of the concentration of atomic copper in 
solution. Samples were mixed with 5 moldm-3 ni-
tric acid to provide soluble versions of the in-
house manufacture CuBz or CuO nanoparticles for 
the purposes of analysis in an adaptation of a 
method describe previously [19, 42] at 25°C. A 
calibration plot based on six-points, each an aver-
age of triplicate solutions (n = 3), using solutions 
of copper (II) sulfate in deionized water as a 
source of copper was used to establish a calibra-
tion plot to aid sample quantification. 

2.2.10. Polymer Rheology and Viscometry Meas-
urements 

A Haake Rheostress® 1, type 397-001 rheome-
ter, with build-in software, Thermo Scientific, 
Germany was used to assess gel texture. The appa-
ratus was used with a 35 mm titanium cone type 
35/1 (type: 01019). The apparent viscosity (η) 
from stress-strain runs and the complex viscosity 
(η*), storage modulus (G’) and loss modulus (G’’) 
were determined using an oscillatory measurement 
at an oscillation sweep frequency of 10Hz and an 
imposed stress of 1.0 Pa [35, 40]. The oscillatory 
sweep featured sinusoidal deformation with differ-
ent frequencies in Hertz to access the response of 
the sample towards deformation. Samples of ap-
proximately 1.0 mL containing 0.5%, 1.0%, 1.5%, 
2.0%, 2.5% and 3.0% w/v HPMC dissolved using 
a Fisherbrand ultrasonic water bath at 25°C were 
evaluated for the rheological and viscosity profiles 
of the hydrogels (viscous syrups) formed in the 
cone and plate apparatus at 25°C.  
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3. RESULTS AND DISCUSSION 
3.1. Interfacial and Micellar Properties of Sur-
face-actives  

Fig. (1) shows the interfacial tension for two 
non-ionic polymeric surfactants, Pluronics and a 
simple anionic surfactant, SDS. The critical mi-
celle (or aggregation) concentrations were found 
to 1 × 10-2 mmoldm-3, 2.5 × 10-2 mmoldm-3 and 1 
mmoldm-3, for F108, F68 and SDS, respectively. 
This difference in micellization is driven by the 
difference in hydrophile-lipophile balance (HLB) 
between the polymers (HLB ~16) and the very 
much more water-dispersible SDS (HLB ~ 40). 
However, interfacial loading and therefore higher 
micelle packing, evidenced in lower equilibrium 
surface tensions and lower surface free energies 
and efficiency of surface tension reduction mean 
the equilibrium surface tensions for Pluronic F108 
(MW 14600), Pluronic F68 (MW 8400) and SDS 
(MW 288), which are surfactant of decreasing mo-
lecular mass were 48, 50 and 30 mNm-1, respec-
tively. The distinction in surface tension between 
two types of surfactant is indicative of interfacial 
packing efficiency [35], which is much better for 
small low molecular weight surfactants. Impor-
tantly at concentrations of higher than 0.1 
mmoldm-3 only micelle NPs should exist in the 
aqueous sample of the Pluronics. 

Difficulties in the determination of CMC for 
sodium dodecyl sulfate (SDS) are explained by 
Umlong and Ismail [42] as being due to the addi-
tional surfactant effect of dodecyl alcohol, which 
is present in the solution either as an impurity in 
the reagent or by it being produced in the solution 
by SDS hydrolysis. Corrin and Harkin [43] have a 
theoretical prediction of CMC for SDS of 1.9 
mmoldm-3, which is close to the CMC estimated in 
Fig. (1). Two pluronics were selected on their hy-
drophilicity but also possess an ability to adsorb 
and bind components. Pluronic F68 (Poloxamer 
188) a short polymer (MW 8400) with high water 
dispersibility (81.8 % ethylene oxide (EO) and 
18.2% propylene oxide (PO) residues) routinely 
achieves equilibrium surface tensions (γeq) of ~50 
mNm-1 and micelle hydrodynamic diameters of 
approximately 10 nm, suggesting chain length is 
1.2-1.8 nm [15, 16]. Pluronic F108 (Poloxamer 
338) a longer polymer (MW 14600) also with high 
water dispersibility (83.8 % EO and 16.2% PO 
residues) additionally, routinely achieves equilib-
rium surface tensions (γeq) of ~41 mNm-1 and its 

micelle hydrodynamic diameter and chain length 
size is in accordance with those of related com-
pound F68. In the presence of different solutes, 
their polarity, HLB, partitioning coefficient (log P) 
and interaction with surfactant molecules, as well 
as poloxamer composition, the extension length of 
polyoxypropylene (PPO) and polyoxyethylene 
(PEO) chains, can change the observed CMC, 
sometimes substantially [16]. Tensiometric meas-
urements found that the CMC for Pluronic F108 in 
a phosphate buffer was close to the CMC value in 
water solution as stated by Alexandridis et al. [45]. 
According to the same authors it appears that elec-
trolytes, such as sodium and phosphate ions, have 
little or no effect on micelle formation with F108 
as in the case of the Pluronics investigated in this 
work. Pluronic F68 and F108 are ideal polymers to 
use for encapsulation because of their biocompati-
bility, with a very low lethal dose of 50% of re-
cipient toxicity (LD50), with values of LD50 (rat, 
oral) of 1200 mgkg-1 and >2000 mgkg-1, respec-
tively [44]. 
 

 
Fig. (1). Air-water (A/W) surface tension profiles of 
two poloxamer (Pluronic F68 and Pluronic F108) sur-
factants measure by the Wilhelmy plate method. The 
profile for a non-polymeric surfactant, sodium dodecyl 
sulfate (SDS) is included for comparison.  
 
3.2. Micelle and Soft Matter Assembly Charac-
terization  

Fig. (2) shows the mean micelle hydrodynamic 
diameter for F108, F68 and SDS of 42, 43 and 6 
nm at concentrations of 50 mmoldm-3, which at 
this higher concentration are higher for the poly-
mers than reported previously [15, 42, 46]. How-
ever, at 0.01 mmoldm-3 the particle size of the 
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Pluronic was approximately 22 and 11 nm for 
F108 and F68, respectively. At low concentrations 
this latter size probably relates to a monomeric 
species or minor structure, whereas at 50 mmoldm-
3 well above their CMC the polymers show a re-
producible size of two- to four-fold the size of 
simpler structures. The smaller, more compact size 
of the F68 micelle over the F108 micelle is proba-
bly related to the, shorter persistence length of the 
molecule, increased hydrophobicity of the moiety 
and tighter micelle (an surface lateral) packing ef-
ficiency of F68, as indicated by elsewhere [44, 45] 
and experimentally determined surface tensions 
(Fig. 1). Notably, the SDS micelle was approxi-
mately half the diameter of the F68 micelle formed 
from the low concentration Pluronic solutions. The 
SDS micelle size is confirmed at 6 nm, as the 
molecule has a molecular length of 2-3 nm [42]. 
The ζ-potentials for the poloxamers nanoparticles 
and the SDS micelle are given in Fig. (3). The sur-
face charge of the SDS micelle is approximately 
35 times that of the non-ionic poloxamers micelles 
of F68 and F108 at a value of -70 mV. The small 
negative charge on the Pluronic micelles is proba-
bly associated with counterion adsorption from the 
buffer in which they were dispersed [15, 16, 47] 
but the standard deviation values hint at notable 
variation that there could range from marginally 
neutral through to zero (and possibly to marginally 
positive) surface potentials. The signage of the 
charge suggests that associated hydroxyl, phos-
phate and hydrogen phosphate anions lie behind 
the charge associated with the non-ionic polymer 
surfactants in micelle form. 

3.3. Hydrophobing of Nanoparticles 
Encapsulation success in micelles depends on 

the entrained nanoparticle species size being less 
than that of the micelle but also importantly on 
surface lipophilicity. Lipophilicity of a drug is 
usually expressed as the logarithm of the partition 
coefficient (log P), a ratio of the partitioning con-
centrations of a drug between octanol and water. 
Another way to characterize lipophilicity is by de-
termining wettability by measuring the contact an-
gle at which, a liquid-vapor interface meets the 
solid surface. The contact angle is the result of 
three different interfacial tensions, which are, γSV – 
solid-vapor, γSL – solid-liquid and γLV – liquid-
vapor, and the relationship is described by 
Young’s equation: 

γLV cos θ = γSV − γSL 

 
Fig. (2). The mean surface average diameter (d3,2) sizes 
of Pluronic F68 (poloxamer 188) and Pluronic F108 
(poloxamer 338) polymeric micelles and SDS simple 
micelles measured by dynamic light scattering (DLS) 
using photon correlation spectroscopy (PCS). 
 

 
Fig. (3). The surface charge (ζ-potential) of Pluronic 
F68 (poloxamer 188) and Pluronic F108 (poloxamer 
338) polymeric micelles and SDS simple micelles 
formed from 50 mmoldm-3 solutions and measured by 
laser Doppler anemometry. 
 

Conventionally, if the contact angle, θ is < 90°, 
the surface is considered hydrophilic, and θ > 90° is 
hydrophobic, or lipophilic [48]. The measurement 
of the contact angle by putting a small water drop 
on flat layer of solid powder seems simple and 
straightforward but in practice is an approximation 
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Fig. (4). Measurement of particle surface hydrophobicity determined by the pure water (γ = 72.8 mNm-1) contact 
angle (θ) on a compressed powder-pellet formed from copper nanoparticles derivatized with sodium benzoate. 
 
that is due to introduced heterogeneity as a conse-
quence of surface imperfections, impurities, sur-
face topological heterogeneity, solubility of solid, 
inclusion of small air spaces, liquid evaporation 
and hysteresis, or several metastable states, which 
give a range of apparent contact angles [49]. 
Firstly, the solid surface may not be completely 
level or planar, which will cause the drop to move 
forming the advancing and trailing edge angle. 
The measured contact angle at the leading edge is 
called the advancing contact angle (θa), and at the 
other edge it is referred to as the receding contact 
angle (θr). Secondly, the surface roughness will 
cause a difference between the apparent contact 
angle and the actual contact angle. The actual an-
gle, measured where a dip in the surface occurs is 
actually greater than apparent as the drop surface 
lies parallel to the solid surface but perhaps not 
seen by the resolution of the captured image. 

Contact angle and pure water wettability on 
copper benzoate NPs is presented in Fig. (4). The 
contact and was measured repeatedly (triplicate) as 
122.5°. This suggests the copper NPs had a hydro-
phobic coating as the contact angle was greater 
than the indicative reference value of 90°. As sug-
gested above, a somewhat arbitrary classification 
means contact angles below this value point to a 

more hydrophilic (water or polar molecule wetta-
ble) surface and above 90° are typical of more hy-
drophobic (less water wettable) surfaces. Similar 
contact angles to the CuBz surface were found ex-
perimentally using an identical approach for the 
following low surface energy or ‘hydrophobic’ 
substances, polyethylene ~95°, polypropylene 
~100°, solid paraffin ~109°, PTFE ~110° and 
polyisobutylene rubber ~112° (results not shown). 
The literature values for water repellent surfaces 
such as carnauba wax-sub-micron beaded PTFE 
covered planar surfaces and water contact angles 
of 130° are well documented [50]. In supplemen-
tary studies (also not shown), a linear regression 
covering 10 solid polyolefin polymers and ali-
phatic wax-like solid materials (n=3), was ob-
tained, where contact angle, in degrees (θ) = (4.25 
× γSV), with γSV being the solid-vapor surface ten-
sion (mNm-1). The fit despite showing some data 
scatter had an acceptable, correlation coefficient 
(R2) of -0.83. Using this simple model it is possi-
ble to predict the solid-air surface tension for the 
CuBz to be ~28.8 mNm-1. On a similar scale a 
well-documented hydrophobic material such as 
PTFE as a solid is reported to have a γSV value of 
~23 mNm-1 [51]. This finding is entirely congru-
ous with the oily ‘hand-feel’ of the copper benzo-
ate. The method of characterization used here is 
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sleek and convenient however, discrepancies in the 
exactness of method render direct comparison with 
more theoretically sound measurements of contact 
angle or surface energy unsuitable. Differences 
between the two may be associated with micro-
structural effects and surface defects with a direct 
approach of experimentation versus a predictive 
approach [50, 51]. 

The hysteresis effect seen with the micro-
heterogeneous surfaces tested in Fig. (4) is thought 
to be the cause of many observed advancing and 
receding contact angles as the drop has to over-
come an energy barrier to move to the lowest en-
ergy. To overcome this effect Andrieu et al. [52] 
suggested applying a ‘levelling’ vibration to the 
system to overcome metastable energy levels and 
to take measurements only when the drop was suf-
ficiently symmetrical. They also found that the fi-
nal contact angle can be calculated by using the 
following averaging equation: 

cos θ = ½(cos θa + cos θr) 
Using this equation allowed calculation of the 

estimated contact angle for copper benzoate NPs 
as consistently reproducible 122.47°. This value is 
very close to simple averaging values (122.54°) as 
suggested by Decker et al. [53]. It is therefore, 
evident that CuBz is ‘lipophilic’ and subsequently 
represented a sound potential candidate for encap-
sulation in polymer micelles. Having a log P of 
sodium benzoate of 1.9 indicates moderate lipo-
philicity (identical in magnitude to ethyl butyrate, 
a short aliphatic molecule) and this contrasts with 
the negative values of about -1.04 for the polox-
amers. This value represents a mix of values at-
tributed to a large number of ethylene oxide (EO) 
and propylene oxide (PO) substituents. However, 
The individual PO moiety of the [-(EO)x-(PO)y-
(EO)z-]n poloxamer has a predicted log P value of 
~0.01 to 0.03 (the individual EO moiety is ~ -0.1 
to -0.3) meaning a much less water dispersible 
character, where more hydrophobic species would 
tend to congregate in the vicinity of this compo-
nent [16, 33, 35, 45], particularly where burying, 
clustering and hydrophobic effect-driven associa-
tion take place within the micelle core. 

3.4. Encapsulation and Soft Matter-hard Mat-
ter Composites  

The particle size and copper content of 
nanoparticles is presented in Fig. (5). Bare in-

house manufactured CuBz particles were found to 
be approximately 185 nm in diameter (195 nm 
when covered with SDS). This suggests the SDS 
coating and associated water was 10 nm (or 2 × 
5nm). Whereas, the same particles were measured 
as being 310 nm for 34 mmoldm-3 to 615 nm and 
over 630 nm for 68 and 136 mmoldm-3 F108, re-
spectively. The standard deviation for most F108-
CuBzNP sizing is in the range ±  10-20 nm, sug-
gesting a variety of forms of the aggregate. The 
explanation for this large increase over the bare 
CuBz NPs lies in the network of surfactant chains 
forming a supramolecular assembly facilitated by 
the Pluronic. Fig. (5) also shows that CuBz 
nanoparticles as being less flocculated in the pres-
ence of SDS or polymeric emulsifier. Indeed, SDS 
was used for all AES analyses on recovery of the 
sample supernatant because using a surfactant 
aided dispersal. The supernatant was found to con-
tain more copper in the presence of 0.1 mmoldm-3, 
1 mmoldm-3 and 10 mmoldm-3 SDS indicating its 
encapsulation (results not shown); with the 1 
mmoldm-3 sample having the optimum dispersal 
and representing the most practical ionic strength 
for passing through the AES apparatus.  

In roughly equivalent terms, a 1.0 mL aliquot of 
a resuspended sedimented fraction of the CuBz 
NPs in buffer alone, was found to contain, as ex-
pected much more copper in the “flocculated 
mass” at the base of the vessel (122 ppm measured 
versus 120 ppm theoretical) than in the same por-
tion in the presence of dispersant polymer, typi-
cally 142-143 ppm (Fig. 5). In the experimental set 
up the total amount of dispersed copper benzoate 
NPs in the aliquot taken for analysis was 150 
µgmL-1 or 150 ppm. The theoretical values are 
presented for sedimented copper benzoate and the 
experimentally determined values for colloidal 
CuBz in Fig. (5). Without using the AES equip-
ment to measure the residue in this manner it is 
possible to deduce the proportion of non-dispersed 
material and the efficiency of the poloxamer 338 
(larger Pluronic F108 species) as a dispersing 
agent based entirely on the subtraction of total 
copper minus suspended colloidal copper meas-
ured. Without surfactant approximately 20% of the 
NPs were suspended, with 80% flocculated. How-
ever, between 68-136 µmoldm-3 F108 included 
95.4-96.0% was suspended with a mere 4-4.6% 
remaining in the undispersed CuBz NP sediment. 
Using nitric acid proved to be an ideal means of 
producing copper nitrate solution for measurement 
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Fig. (5). Crude test-of-principle “large (~185 nm)” nanoparticle copper benzoate nanoparticles and micelle encapsu-
lation data for F108 nanogel beads. Size profiles (d3,2) and copper determination (inset: copper calibration plot) of 
the suspended fraction of the laboratory-synthesized copper nanoparticle (NP) samples are presented in the Figure 
along with transmission electron microscope (TEM) and light microscope image of solitary NPs and NP aggregate 
flocculates. 
 
of either supernatant or subnatant of the CuBz col-
loidal suspensions. Particles of CuBz with larger 
hydrodynamic diameters, and there was some 
polydispersity to the CuBz sample indicated in 
Fig. (5), which were unable to remain suspended 
and following Stokes’ Law sediment under the 
standard conditions.  

To achieve a reproducible particle size com-
mercial copper (II) oxide nanospheres (demon-
strated in the photograph in Fig. 6) were used as 
the architectural scaffold in soft matter-hard matter 
molecular suprastructure fabrication. The top-
down method of making NPs is by grinding, mill-
ing, shearing, which requires complicated equip-
ment. However, a simple method of making NPs is 
by grinding them in a mortar with a pestle [54] as 
used for the samples in Fig. (5). The drawbacks of 
this process is that the yield is low, the particle 
size will be of a very wide ranging nature, parti-
cles may be driven to agglomerate again and in 

addition, not all solids can be easily ground this 
way. Vigorous grinding of CuBz for about 15 
minutes was needed and this becomes unfeasible. 
Interestingly, the ‘course’ synthesized powder ob-
tained appeared slightly “wax-like” in consistency. 
CuBz was found to be moderately hydrophobic as 
confirmed by contact angle measurements, and 
thus the powder tends to be poorly water dispersi-
ble, adhere to the water surface, for which necessi-
tated active-stirring for 10 minutes. Alternatively 
the technique could have used sonication to im-
prove better dispersion of fine particles in water. 
The mixture was exceptionally polydispersed de-
spite the grading practices and filtration employed 
and so, potentially some improved simple filtration 
method is needed to separate NPs of certain range 
for large scale production, for example, using ul-
trathin silicon membranes with approximate pore 
sizes ranging from 5 nm to 25 nm show promise 
for separation of NPs of quite small sizes [55]. 
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Fig. (6). Complex figure with three parts - Part A: Photograph of clean water (a) and phosphate buffered water with 
30 nm colloidal CuO nanoparticles (b). Part B: Transmission electron microscope (TEM) and light microscope im-
ages of CuO nanoparticles and flocculated particle clusters at two magnifications. Part C: Chemical modification of 
homogeneously-sized commercial 30 nm copper oxide (CuO) nanoparticles and their encapsulation within a 
Pluronic F108 (log P ≈-1) layer built on a sodium benzoate-derivatized surface or benzoate (log P ≈1.9) ‘blanket’ 
alone. The triangles represent size data, with the inverted triangle representing the CuO alone and squares represent 
ζ-potential, with the open circle representing the CuO alone. 
 

Dispersal and subsequent CuBz nanoparticle 
stabilization was achieved with SDS solution. The 
hydrophobic tails of SDS molecules are attracted 
to hydrophobic CuBz particles, while the nega-
tively charged heads form an outer layer providing 
repulsive forces maintaining particle separation. 
Dutta and Dolui [56] have reported the stabiliza-
tion of synthesized CuS nanoparticle dispersion in 
SDS solution. They found that 2% w/v SDS pro-
vided stabilization for at least 210 days, whereas in 
SDS below the CMC, the particles eventually pre-
cipitated-out when the average particle size was 
~80 nm. However, transmission electron micros-
copy (TEM) showed some particle aggregation 
even at the higher SDS concentration. Further-
more, measuring particle size in pure added F108 
with DLS, produced peaks >600 nm, indicating the 
formation of large aggregates or assembly-like 
structures as suggested by Almgren et al. [57]. 
This is important because the expected theoretical 
CuBz solubility at 25°C is 0.43 mmoldm-3, which 
equates to 0.027 gL-1 of pure copper or 27 ppm. 
The experimental value with a 450 nm pore size 
filtered pure CuBz colloidal solution using MP-
AES measurements was 32 ppm suggesting that 
most of the excess 5 ppm copper content in SDS 
stabilized dispersion was due to CuBzNP. This 
was further confirmed by DLS measurements that 

showed peak at 185 nm and therefore, can be 
safely assumed to contain at least some CuBz par-
ticles within the nanometer range. It is believed 
that this CuBz dispersion is ultimately unstable in 
the short-term (day timescale) because of van der 
Waals forces of attraction exceeding those of elec-
trostatic repulsion.  

An ideal encapsulating micelle system should 
provide high loading capacity, high compatibility 
between the ‘drug’ (species) and encapsulating 
surfactant, appropriate size (10–100 nm), physico-
chemical stability in storage and the body, but also 
the possibility of inducing drug/species release 
when desired [58]. It is technically difficult and 
practically challenging to achieve all properties in 
one system. One issue with the experimental work 
presented in Fig. (5) is that the average CuBz par-
ticle size (hydrodynamic diameter) was 185 nm, 
which is much greater than the literature F108 mi-
celle diameter in a water solution of ~12 nm [59], 
whereas, the measured value in this work was 22 ±  
3 nm (shown in Fig. 2). The discrepancy in size 
may be related to the purity and compounded by 
the polydispersity of the poloxamer 338 used. It is 
known, however, that the aggregation number and 
particle size, respectively, are dependent on tem-
perature, ionic strength, pH, co-polymers, and en-
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capsulated ‘drug’ and encapsulation method [31]. 
Careful attention to metal nanoparticle encapsula-
tion when functionalizing metal NPs and selecting 
certain ligands is also crucial since many suitable 
ligands and surfactants (aerosol OT, picric acid, 
oxalic acid, etc) may be undesirable due to toxicity 
or interactions with other components that need to 
be co-encapsulated [6, 8, 32, 47]. 

Another way to improve CuBz encapsulation in 
polymer-based micelles nanogels is by cross-
linking micelle core chains by UV radiation or by 
using species with bifunctionality covalently 
bound to a polymer core [33, 35, 58]. Alterna-
tively, short-term micelle stability can be advanta-
geous in cases when quick active release is re-
quired or quick excretion is sought. Such chemical 
maneuvering, is complicated, as making function-
alizing polymers more chemically “sticky”, may in 
fact promote flocculation and thus, precipitation. 
Adsorbed polymer can cause steric stabilization 
effects to some extent, whereas non-adsorbed 
polymer can induce the attraction of larger parti-
cles through the so-called depletion interaction 
[60], which is a theory originally developed by 
Asakura and Oosawa [61]. This theory explains 
that in the presence of polymer osmotic pressure, 
an exclusion zone is created around colloidal par-
ticles that can be preferentially occupied by two 
larger particles and in doing so causes disruption 
to the system and a subsequent increase in entropy 
(increased stability). This basic model is elegantly 
refined and updated by Trokhymchuk and 
Henderson [61]. Complex bridging interactions are 
also possible when polymers attach to the surface 
of more than one particle. In the case of increasing 
poloxamer concentration to 68 µmoldm-3, particle 
size increase is even more dramatic, reaching 
615 nm, which seems to confirm and point at 
bridging flocculation. However, at a F108 concen-
tration of 136 µmoldm-3, particle size was aug-
mented slightly to 630 nm. It is noteworthy that 
the size and shape of CuBzNPs are likely to be 
very heterogeneous and the average diameter 
value does not provide clear description of actual 
state of the system in terms of dispersal of solid 
within the soft matter assembly. Generally, this 
increase could be due to surface loading or pack-
ing (pancake, brush, monolayer or multilayer) or 
‘condensation’ of larger particles to a larger entity. 
Similar stabilization events with a size increase 
were noticed by researchers who explored stabili-
zation of iron NPs with the polysaccharide, guar 

gum [62]. A further increase of F108 concentra-
tion to 272 µmoldm-3 (not shown in Fig. 5) made 
the system ‘unstable’ with respect to consistent 
CuBz dosing with formation of large sized ~710 ± 
70 nm aggregates, possibly due to particle and 
F108 interaction that caused flocculation, as seen 
elsewhere [42, 46]. There are other methods that 
could potentially be used to clarify the results, for 
example, small angle X-ray spectroscopy (SAXS), 
small-angle neutron scattering (SANS), which 
could clarify spatial resolution of CuBzNP and 
F108 molecule structuring but these fall outside 
the scope of this research. 

The size in terms of the hydrodynamic diameter 
of colloidal copper oxide (CuO), either bare (Fig. 
6, Parts A and B), coated with benzoate anions or 
covered with a sheath of adsorbed Pluronic F108, 
adsorbed onto benzoate covered CuO is shown in 
Fig. (6) (Part C). The CuO NPs were visualized as 
approximately spherical as shown in the photo-
graph in Fig. (7). Previous work with 30 nm 
nanoparticles was undertaken with copper (II)-
phthalocyanine species where adsorption lead to a 
selective oxidative reaction with hydrocarbons that 
were in direct contact with the metal surface 
through physisorption highlighted the complexity 
of the wetting and surface coverage process [5]. 
The 30 nm sized bare CuO particles used here 
showed a little increase in diameter with adsorbed 
benzoate and also with adsorbed Pluronic also via 
physisorption up to a concentration of 10 µmoldm-
3 concentrations. However, the diameter with as-
sociated water ‘blanket’ approximately doubled on 
a tenfold increase in poloxamers from 10 to 100 
µmoldm-3, showed a five-fold increase at 200 
µmoldm-3 and a more than 13-fold increase when 
including 400 µmoldm-3 F108. In parallel, the sur-
face charge on inclusion of higher concentrations 
of adsorbate also changed from a ζ-potential of 
bare 30 nm NPs of 2 mV to approximately -0.5 
mV with Pluronic F108 and -8 mV on inclusion of 
benzoate anions. Again as with earlier experiments 
looking at micelles, with associated F108, samples 
showed a small negative ζ-potential. However, a 
reduction in surface potential occurred over a 
range of 0.5 to 400 µmoldm-3 F108 and 6-500 
µmoldm-3 benzoate irrespective of the actual con-
centration of the adsorbing material over these 
ranges, which is synonymous with either charge 
screening or counterion sequestration [63]. Secur-
ing of charges does appear to take place in the ad-
sorbing anion or non-ionic species since the 
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Fig. (7). Complex viscosity (η*) and visco-elasticity as storage and loss moduli, respectively (G′, G″) demonstrat-
ing the profiles of macroscopic gels for the suspension of copper nanoparticle-carrying polymer nanogels. The hy-
drogels were carrying a dose of 5% w/v polymer micelles and these micelles encapsulated 15% w/v CuO NPs. 
 
change is minimal. Certainly the zeta-potential for 
bare CuO at ~1.5 mV is considerably lower than 
the ζ-potential expected for colloidal copper, e.g. 
~20 mV [3], which might have a bearing for better 
entrapment and encapsulation. 

3.5. Nanogels and Supramolecular Gels 
Fig. (7) shows the viscosity and visco-elasticity 

profiles of macroscopic gels for the presence and 
absence of a suspension of copper nanoparticle-
carrying polymer micelles ex vivo. Such multi-
component formulations, are used to aid local re-
tention (for example as a depot in a tumor) in the 
body for the purposes of antimicrobial therapy, 
cytotoxin-use chemotherapy and radiotherapy, us-
ing radiopharmaceuticals, where the complexity of 
the “matrix” is an important part of the design of a 
useful and optimized formulation. This type of ve-
hicle is an ideal means of locus in quo administra-
tion of chemotherapeutics and other drugs in vivo 
[64]. The entrapment of Pluronic 108-coated CuBz 
NPs in hydrogels is presented in Fig. (7). The 
rheological behavior of pseudoplastic hydrogels 
was not significantly altered or structurally differ-
ent in the presence and absence of poloxamer sta-
bilized CuBzNPs. Altering the concentration of 
hydrogel gelling agent did however, modify the 
viscosity, elasticity and visco-elasticity of the NP 
carrier [35, 39]. HPMC samples demonstrated a 
viscoelastic behavior as they had both storage, G′ 
and loss, G″ values. However, they also behaved 
elastic-solid like behavior, as the G′ storage mod-
ule was larger than the G″ loss modulus, especially 

at concentration 3% w/v where the G′ peaked at 86 
Pa. The HPMC was added into the clear solution 
to produce concentrations of 0.5% w/v, 1.0% w/v, 
1.5% w/v, 2.0% w/v, 2.5% w/v, 3.0% w/v and 
3.5% w/v. Over the concentration range 0-3 % w/v 
HPMC polymer the complex viscosity increase 
linearly from 0 to 2.5 Pas. One can gain an idea of 
the samples with a viscosity of ~2.5 Pas, as this is 
the value found in products such as the more vis-
cous version of sweetened condensed milk or nail 
and wood varnish.  

The storage (G′) and loss (G″) moduli profiles 
with increasing concentration point to rather more 
complex associate behavior. The loss modulus in-
creases with concentration, then falls off at >2% 
w/v from a maximum value of 16 Pa, whereas the 
storage modulus, also regarded as a description of 
“elasticity”, increases in a non-linear fashion 
above 2% w/v. This can be modelled again an ini-
tial production of aggregated materials increasing 
loss modulus (G″), which at 2% is translated into 
intermolecular extension and interaction. Increas-
ing elasticity (G′) is indicative of a continuous 
network and the formation of extensive inter-
molecular interactions. Notably, neither the viscos-
ity nor elasticity, in terms of enhancement or inter-
ruption, were affected by the poloxamer in the 
HPMC network of aggregates or chains as evi-
denced in Fig. (7). Higher G′ gels of this type with 
some degree of fluidity will find application for 
use as image enhancement, MRI or CT contrast 
agent applications [2, 20], photodynamic therapy 
agents [1, 3, 12, 38], chemotherapeutic agents 
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Fig. (8). Cartoon representation of copper nanoparticles (CuNPs) in either colloidal carrier alone or colloidal carrier 
enveloped by the polymeric materials of a hydrophilic polymer-based supramolecular vehicle and hydrogel. Part A: 
Phenomenological representation of the entrapments of hydrophobized copper (NPs) within carrier particles which 
might be micelles and liposomes. Part B: Phenomenological representation of polymer supramolecular structures 
highlighting the means of encapsulation of metal carrying NPs in an extensive network and gel matrix. 
 
[9, 17, 24], such as anti-microbial [11, 22] or ra-
diotherapy agent applications, with the added ad-
vantage of an increased resistance time. Various 
forms of copper NP can be incorporated into a 
pseudoplastic (weak gel) supramolecular assembly 
as illustrated by Fig. (7), without carrier modifica-
tion and misrepresentation in situ [32, 33], which 
shows promise as a candidate for injection into the 

appropriate tissues in the body. Pseudoplastic gels 
of the type that were formulated can be injected as 
a concentrated mass in tissues and intradermally as 
they flow through a syringe needle but have com-
plex viscosities of 0-2.5 Pas. Two applications of 
metals NPs gaining popularity amongst clinicians 
is for their use in either brachytherapy for seeding 
beta or gamma particle emitters (198Au, 55Fe/59Fe, 
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99mTc) or as positron emission therapy (PET) re-
gents that include copper and gallium (64Cu, 
66Ga/68Ga). Further studies are needed to indicate 
the ability of the hydrophobized metal NP or ag-
gregates of particles in tissues to remain in the vi-
cinity of administration to reduce toxic effects. 

A phenomenological model illustrating encap-
sulation and entrapment of the encapsulated moi-
ety in two parts is presented in Fig. (8). Part A 
shows according to Figs. (1-6) how hydrophobized 
copper can be incorporated in a soft matter-coated 
assembly made from surface-active non-ionic bio-
compatible polymers. Part A also shows the cop-
per-based nanoparticles covered with non-toxic 
benzoate anions, and having their charge oriented 
to the metal NP surface can be rendered as lipo-
philic. This type of hydrophobized NP will then lie 
in the polymer micelle interior, containing a larger 
share of apolar residues internalized within its 
core. By engineering of surface hydrophobicity the 
crafted NP can be made to reside in the core or 
hydrated polar sheath of a normal micelle of low 
molecular weight surfactant or in the aqueous core 
or lipid/surfactant bilateral of a vesicle. Part B 
shows how poloxamer coated metal NPs are en-
trained in a supramolecular structured hydrogel. 
The chain and aggregate density along with the 
junction zone and point contacts between adjacent 
species in the hydrogel determines the visco-
elasticity of the gel as indicated in Fig. (7). The 
spatial distribution of copper within each micelle 
is unclear at present but the distribution of mi-
celles in the HPMC hydrogel seems more and uni-
formly dispersed, which is explained by the lack of 
significant difference in hydrogels in the absence 
and presence of F108 micelles (Fig. 7). 

CONCLUSIONS 
In this study, a simple way of grinding solid to 

make CuBzNPs from a synthesized copper benzo-
ate powder was used along with uniformly-sized 
purchased copper oxide nanospheres. The grinding 
method of CuBz nanoparticle preparation could be 
improved to give a higher yield and especially mi-
crofiltration could be used to separate NPs with a 
narrow size distribution. The work confirmed 
CuBz as a good candidate for encapsulation during 
which the study also estimated its lipophilicity by 
measuring the contact angle of a drop of water 
placed on CuBz powder. Although in-house manu-
factured CuBzNP size was very polydispersed the 

approach did illustrate the ability to grade 
nanoparticle by successive filtration. Dispersal for 
longer times (hours and days) was undertaken with 
SDS surfactant or Pluronic F108 rather than bare 
nanoparticles, which tended to flocculate and 
sediment rapidly. The copper content of colloidal 
NPs was successfully confirmed by measuring the 
content of the sample solutions by MP-AES at a 
copper specific wavelength. An observable parti-
cle size increase, thought to be due to poloxamer 
molecules covering CuBz particles was measured 
by DLS, which indicated higher F108 concentra-
tions caused an incremental increase in measured 
particle size, possibly due to increased layer-on-
layer construction and/or partial flocculation. In 
future studies it is suggested that making use of 
SAXS or SANS of CuBzNPs and extension to 
electron microscopy (TEM or SEM) may provide 
a clearer understanding of the spatial characteris-
tics of this interaction and confirm the role MNs 
may play in modifying micelle formation and 
maintenance. Importantly for the clinical context, 
non-ionic surfactants such as poloxamer F108 can 
be used to encapsulate surface-modified toxic 
metals such as copper for medical use.  

CURRENT AND FUTURE DEVELOPMENTS 
This work builds successfully on the back-

ground non-medical work associated with par-
amagnetic materials, semi-conductors and surface 
plasmon resonance of metallic nanoparticles. Cop-
per oxide and base copper offer great opportunities 
for use in therapy and diagnostics. Issues of bio-
compatibility relevant to medicine, can be over-
come by hydrophobizing the entities and then in-
corporating the material in a nano-carrier. This 
work then continues and uses transferable chemi-
cal approaches used for simple organic molecules 
for the purposes of metallic nanoparticle incorpo-
ration in dosing-relevant hydrogels. The next step 
would be to use such samples for in vivo testing 
using animal models. 
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