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ABSTRACT

ARTICLE INFO

Three types of gold nanoparticles (AuNPs) were synthesised with a custom-
made Ultrasonic Spray Pyrolysis (USP) device, from aqueous solutions of gold
(111) chloride (AuCls) and gold (III) acetate (AuCsH120s), with an initial con-
centration of Au 0.5 g/L. AuNPs were collected in suspensions of deionised
(D.I.) water with the stabilisers polyvinylpyrrolidone (PVP) or polyethylene
glycol (PEG), followed by the process of freeze drying the AuNPs to be useful
as a new additive for the cream. The standard cream base was used as a ma-
trix for preparation of three types of cream with AuNPs in the same concen-
tration ratios. The third AuNPs cream was prepared with a patented hydrox-
ylated fullerene water complex (3HFWC-W) matrix. To examine the effect of
AuNPs as additive in creams, a six-week study of test creams was conducted
on 33 volunteers with no dermatological diseases. During the study three
main parameters of the skin where measured: Collagen quality, skin moistur-
isation and the epidermis-dermis function. The results of the study found
improvements of collagen quality between 18-24 %, achieved due to the use
of AuNPs in standard creams, while the cream with the combination of
3HFWC-W and AuNPs gave significantly higher improvements with a value of
45.7 %. It was also discovered that hydration of the skin (stratum cornum)
increased by 6.4-9.6 % in standard creams with AuNPs, and 73.7 % in the
3HFWC/AuNPs® cream. Similar results were measured by the epidermis-
dermis function, where 24-28 % improvement for standard creams with
AuNPs was identified, and 38.4 % for the cream 3HFWC-W/AuNPs.
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1. Introduction

Personal skin care is an important factor in slowing the appearance of age-related skin symp-
toms such as wrinkles, pigmented lesions, patchy hypopigmentation, actinic keratoses, thinning
skin and exaggerated expression lines, all of which are a result of the internal metabolic ageing
processes and external damage caused by the influx of various substances and exposure to UV

light [1, 2]. Nanoparticles have recently attracted attention for use in anti-ageing cosmetics as

alternatives and synergists to already established anti-ageing substances. One of the main ad-
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vantages of nanoparticles is their ability to penetrate the skin barrier [3, 4], which can, potential-
ly, result in higher effectiveness with smaller doses and shorter wear times [5]. Gold nanoparti-
cles (AuNPs) and Hyper Harmonised Hydroxyl Modified Fullerene (3HFWC-W) have garnered
special attention for use in cosmetics. AuNPs, luckily, exhibit a high degree of biocompatibility,
as evidenced by their use in Cosmetics, Medical imaging and Oncology [6-8], while other metallic
nanoparticles, because of their potential toxicity, represent an issue of concern when used on
living organisms. The main mechanisms by which AuNPs benefit human skin are acceleration of
blood circulation, anti-inflammatory properties, antiseptic properties, improving the firmness
and elasticity of skin and vitalising skin metabolic processes [9-11]. 3HFWC-W is a modified
form of the third allotrope of carbon - fullerene, and has been proven to offer several benefits
when used on skin. The hollow one nanometre surface hydroxide functionalised spheres have
increased hydro solubility, and can bond to molecules of water with hydrogen bonds [12, 13]. By
establishing hydrogen bonds with the surrounding water molecules and biomolecules, 3HFWC-
W improves the moisturisation and moisture retention of skin, which is considered one of the
most important anti-ageing skin treatments [14].

AuNPs in suspension can be synthesised through Ultrasonic Spray Pyrolysis (USP), which has
many advantages, such as the simplicity of setup and adaptability, continuous operation, relative
cost-effectiveness and the possibility of easy capacity increase - i.e. scale up [15, 16]. To obtain
AuNPs in dry form, freeze drying was applied for suspensions. Namely, freeze drying is the
common method for the preparation of stable formulations with protein drugs, and its use and
deeper understanding are becoming increasingly important from the point of view of the prepa-
ration of new, patient-friendly dosage forms in pharmaceutical products [17]. In line with the
intensive increase of new temperature sensitive products, where standard drying procedure
doesn'’t fit [18, 19], a high-quality, safe and effective nanomaterial can be provided with freeze
drying.

The use of 3HFWC-W was targeted due to the fact that the combination with the nano-
harmonised substance (NHS) is favourable, resulting in the functionalisation of the Cgy, molecule
with OH groups - these processes are patented as material made from (Cgo(OH)x) [20, 21]. The
3HFWC-W substance is based on additional water layers Cgo(OH)36 +12@(H;0)144-2528- These
water layers give 3HFWC-W a water liquid phase (H,0)144-252g, surrounding the solid phase—
hydrogen bonded Cgo(OH)36 +1, nanostructure. The 3HFWC-W water layers possess similar
properties to liquid crystals, and they protect the C5o(OH)34 41, complex from environmental
influences, and, at the same time, they protect biomolecules from the potentially toxic effects of
Cgso- This structure, whose diameter size ranges between 6-15 nm, is a water-soluble amphiphilic
biomolecule with a potential for various applications. Fullerene derivative nano-harmonised
Ce0(OH)3¢ 412 has shown no toxicity in tests on human dermal fibroblasts (HDF) and liver carci-
noma cells [13, 22]. As a cosmetic product ingredient (its INCI name is “hydroxylated fullerene”),
it could act as an active compound and a stability factor. Compared to the commercial products
and vehiculums, all cosmetic products with 3HFWC-W, except body lotion, have shown signifi-
cant improvements of the functionality of the basement membrane [23]. While regenerating
cream and body lotion with 3HFWC-W have positively affected collagen quality in the dermis,
anti-ageing and hand cream with 3HFWC-W have shown positive effects on signal transduction
and regeneration of collagen. Results imply that anti-ageing and hand cream with 3HFWC-W, as
well as body lotion vehiculum, could improve the properties of the basement membrane and
accelerate signal transduction in the dermis, and, finally, enable faster regeneration of the epi-
dermis and rapid reaction of the skin to negative environmental influences [23]. Regenerating
cream with 3HFWC-W has shown positive effects on the basement membrane and strength of
the collagen supportive structure in the skin. The body lotion with 3HFWC-W and commercial
hand cream have improved the mechanical properties of the skin through strengthening colla-
gen fibres in the dermis. The ingredient 3HFWC-W, which acts in a natural, biophysical way on
the skin, might open a new era in the way we understand and treat changes in the altered and
ageing skin. Depending on the type of cream, the average improvement was 22.5 %, based on the
arithmetic value of 12 % (body lotion), 18 % (regenerating cream), 28 % (anti-ageing), and 32 %
(hand cream). Based on the presented clinical studies and results, in order to achieve an even
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more visible anti-ageing effect, it was hypothesised that an additional effect could be achieved
with AuNPs that are highly biocompatible and have some baseline functional properties [24, 25].

The focus in this dermatological study was, therefore, to find the effect of AuNPs not only in
cosmetic standard creams, but also in combination with 3HFWC-W, to get a potentially new
complex in cosmetics. In the first step creams were prepared, followed by six weeks of testing on
volunteers. In order to evaluate the activity of the AuNPs in creams, characterisation of the
cream's ingredients was performed, and real-time analysis of the skin anti-ageing effect was
done on the volunteers.

2. Materials and methods
2.1 Materials

The starting materials for the preparation of AuNPs’ suspensions were two precursors: Au chlo-
ride salt - (gold (III) chloride tetrahydrate - trace metals basis 99.9 %, Acros Organics, Germa-
ny) and Au acetate salt - (gold (III) acetate, Alfa Aesar, USA). Collection mediums were prepared
with D.I. water and two steric stabilisers: Polyvinylpyrrolidone (PVP40 Sigma Aldrich, Germany)
and polyethylene glycol (PEG 6000, Fisher Scientific, UK). Other chemicals were: Sodium hy-
droxide (NaOH, Fisher Chemicals, Germany) and hydrochloric acid (HCl, 37 %, Sigma Aldrich,
Germany). Three types of AuNPs" suspensions were prepared for cosmetic creams with the
characteristics shown in Table 1 (these names/abbreviations are used throughout the text).
Preparation of the 3HFWC-W took place under controlled conditions. The first step was water
purification from tap water to water with 0.1 pS/m conductivity. The main ingredient, fullerol
Ceo(OH)36 with purity of 99.99 %, was imported from Solaris Chem in Canada. A specified
amount of fullerol was mixed with the purified water in a vessel at temperatures of 33-400 °C.
After achieving a satisfying solubility the solution was transferred to another vessel, where it
was exposed to an oscillatory magnetic field of 100-250 mT in order to create aqueous layers
based on strong hydrogen bonds [20, 21]. The result was 3HFWC-W: C4(OH)36@(H,0)}, size of
6-15 nm, with n-water molecules (600-200) and /-water layers (1-6). 3HFWC-W was mixed in a
concentration of 18 % by a standard procedure with 34 % of aqua purificata and 48 % of stand-
ard cream base (TFT Nano Center, Belgrade, Serbia).

Table 1 Characteristics for all three types of AuNPs' suspensions

AuNPs’ suspension Type of Stabiliser - concentration in D.I. water (g/L)
AuNC PEG10 PEG-10g/L

AuNC PVP5 PVP-5g/L

AuNA PEG20 PEG - 20 g/L

Table 2 Composition of 3HFWC-WAuNPPEG20 cream

Formula Product identifier Quantity (wt. %)
|C60(OH)36-48@ (H20)950-2100 3HFWC-W 18.00 |
AuNPs AuNPs (AuNA+PEG 20 g/L) 0.05

|HzO Ultra-pure water (0.055 uS/cm) 32.95 |
AB Ambiphilic base 49.00
|3'>HFWC-WAuNp PEG20 Nano gold hyperharmonized fullerene water complex 100.00 |
2.2 Methods

Synthesis of AuNPs" suspensions

AuNPs" synthesis was done on a custom built USP device, located in Zlatarna Celje d.o.o., Slove-
nia. The device was constructed from a custom aerosol generator based on a 1.6 MHz piezoelec-
tric transducer (Liquifog II, Johnson Matthey Piezo Products GmbH, Germany), which aerosolises
the Au precursor solution. The aerosol droplets were transferred by a constant flow of carrier
gas (N2) into a heated multi zone reactor tube made from quartz glass. The first zone facilitates
the evaporation of the aerosol droplets and the formation of a solid aerosol. In the second reac-
tion zone the temperature is increased to initiate thermal decomposition in the presence of a
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reducing gas (Hz) and continues with the reduction of Au*3 into elemental Au®. The final zone
facilitates the sintering of AuNPs, which are finally collected in a system composed of three con-
nected gas wash bottles. The collection medium was with D.I. water, with PVP, or PEG at differ-
ent concentrations. The detailed parameters of the AuNPs" synthesis and USP device are the sub-
ject of a patent for AuNPs’ production [26]. The synthesised AuNPs" suspensions are marked
AuNC when a chloride precursor was used, and as AuNA in the case of the acetate precursor. The
starting concentration of [Au] in all the prepared precursors was 0,5 g/L. The technological USP
parameters, such as temperature profiles, gas flows, were also consistent with previous experi-
mental trials [27, 28].

Freeze drying of AuNPs suspensions

A separation process was applied for AuNPs" suspensions in order to obtain AuNPs in dry form
(Fig. 1). As the removal of the liquid phase from the AuNPs" suspensions must be done in a way
to retain the AuNPs" size distribution and to keep their properties, they cannot be separated
using mechanical processes. Based on this, the use of a thermal process was proposed in the
form of freeze drying. In the case of freeze drying, the advantages over other forms of drying
methods are in: (i) Preserving the structure, shape, and size of the AuNPs, (ii) Extending the life
span of AuNPs, (iii) Rehydration of dry AuNPs is possible, (iv) The sample is placed directly into
the container, which can be sealed in-situ in the freeze drier, thus avoiding potential contamina-
tion. The idea of the freeze drying process was in freezing the AuNPs" suspension, therefore sta-
bilising the AuNPs" size distribution, which was followed by a rapid decrease of the system pres-
sure to a few Pa, causing sublimation of the carrier liquid phase. In this way, when the frozen
liquid was sublimated, all that remained was the AuNPs’ /stabiliser powder inside the container.
The intensity of the process was controlled by the temperature of the heating shelves and sys-
tem pressure. Since the synthesis of AuNPs with USP and subsequent freeze drying process for
producing dried AuNPs is not yet readily available in literature or otherwise [29], the selection
of system pressure and shelf temperature that led to a stable, yet reasonably fast process (allow-
ing the removal of the liquid without AuNPs" entrainment from the process of the drying proto-
col), had to be aligned to get stable process behaviour. In the case of 3HFWC-W products for
cosmetics, the AuNPs’ suspension was dried in a Miron glass cosmetic jar, which was later also
used as the final cosmetic product envelope.

Freeze drying was performed in a laboratory freeze dryer manufactured by Kambic (LIO
2000LFT, Slovenia). The dryer had a separate drying chamber with two temperature regulated
stainless steel shelves, each with a shelf area of about 0.09 m2, and a condensation chamber with
a condenser capacity of 5 kg. The shelf temperature during the freeze drying can be varied be-
tween -40 °C and 40 °C, and the temperature of the condenser can be set to =90 °C. The chamber
pressure was measured with a Pirani gauge, which was also used to regulate the vacuum pump
(see Fig. 1).

FREEZE DRYING

LOADING SUBLIMATION of H20
samples ¥ DRY samples

Y

Freeze drying SHELF heating /
b=

(Lyophilisation)
Fig. 1 Prepared and freeze dried AuNPs: AuNC PEG10, AuNC PVP5 and AuNA PEG20
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In the drying cycles, 30 Miron glass cosmetic jars were filled with 80 ml of AuNPs" suspen-
sions and placed on the temperature regulated shelves. After filling, every jar was weighed and
placed in its corresponding position. To limit the heat gains from the surroundings, arising due
to the front plexiglass observation doors, the front door was covered with a styrodure plate en-
veloped in aluminium foil. To limit the effect of the ice build-up on the condenser surfaces, the
condenser was defrosted completely before each drying run. The freezing phase lasted for 15
hours at the shelf temperature -40 °C and atmospheric pressure. This was followed by the pri-
mary drying phase at the shelf temperature of -20 °C and the chamber pressure of 12 Pa for 67
h. This was followed by the secondary drying at the same pressure, and shelf temperature of 10
°C for the next 40 hours. The key parameter in the freeze drying phase was to adjust the heat
release from the tray to samples during the primary drying phase according to the pressure level
in the vacuuming phase, and not to collapse the samples.

Preparation of creams with AuNPs and 3HFWC-W

Creams with dried AuNPs (AuNC PEG10, AuNC PVP5 and AuNA PEG20) were obtained according
to the procedure for the preparation of cosmetic creams, by mixing AuNPs in the weight per-
centage of 12 %, aqua purificata 48 % and standard cream base 40 % [30]. The 3HFW(C-WAuNA
PEG20 cream was obtained by mixing 18 % 3HFWC-W, 0.05 % AuNA PEG20, 32.95 % aqua purifi-
cata and 49 % ambiphilic base (standard cream base).

AuNA PEG20 were chosen to be mixed with the 3HFWC-W substance in the ratio 1:10, giving
a 3HFW(C-WauNA PEG20 complex (Fig. 2). A commercial base (“U”, Unichem Pharm) was used, with-
out any active ingredient. In weight, pure water (0.1 uS/cm) was 35 %, the base “U” 45 % and
the active ingredient 3HFWC-WAuNA PEG20 was 20 %. The creams were prepared by a standard
procedure using a mixing machine, the Unguator E/S (Gako International), which is individually
programmable. The jar size was 500/600 ml (rated volume/filling volume).

_ (CeoO-Hjzean

“7 CO-H..(H:0)...(H:0)..(0HvH)
Strong bonds.

R

3-9 layes
2522016 water molecules

T e (H0)..(H:O)...
liquid state of 3HFWC

<« Free water molecules.

a) b) 0
Fig. 2 Schematic presentation of the cream components and cream: a) 3HFWC-W substance, b) Dried AuNA PEG20,
and c) 3HFWC-WAuNAPEG20 cream

2.3 Characterisation methods
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

The concentration of Au in the synthesised AuNPs" suspensions for all three types was measured
with Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). The spectrometer used was an
HP, Agilent 7500 CE, equipped with a collision cell (Santa Clara, CA, USA). The following condi-
tions were used for the ICP-MS: The power was 1.5 kW, Nebuliser-Meinhard, plasma gas flow
was 15 L/min, nebuliser gas flow was 0.85 L/min, make up gas flow was 0.28 L/min and reac-
tion gas flow was 4.0 mL/min. The instrument was calibrated with matrix matched calibration
solutions. The relative measurement uncertainty was estimated as +3 %.

Dynamic Light Scattering (DLS) and measurements of ¢ potential

DLS measurements of the hydrodynamic size distribution of AuNPs in aqueous suspension and
measurements of ¢ potential were performed with a Malvern Zetasizer Nano ZS (Malvern Pana-
lytical, Worcestershire, UK). The hydrodynamic size distribution of AuNPs was measured using
disposable plastic cuvettes and ¢ potential measurements were done using a closed capillary cell
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with electrodes. DLS and ¢ potential measurements were performed with the following parame-
ters for AuNP suspensions: Refractive Index (RI) = 0.2, absorption = 3.32; the suspension prop-
erties were: Dispersant = water, Refractive Index (RI) = 1.33, viscosity = 0.887 cP, temperature =
25 °C, equilibration time = 30 s, angle of incidence = 173° backscatter, dielectric constant = 78.5.
Measurements were performed in 10 series at a time of 10 s per series, and the measurement
was repeated 3 times.

Scanning Electron Microscopy (SEM)

A Scanning Electron Microscope, Sirion 400NC (FEI, USA), with an Energy-Dispersive X-ray spec-
troscope (EDS) INCA 350 (Oxford Instruments, UK), was used for the SEM analysis. The AuNPs’
suspensions were put dropwise onto the SEM holders (mesh) with conductive carbon adhesive
tape, which allowed better SEM observation. The SEM holders were left to dry in a desiccator for
one day before the SEM investigations were carried out. The dried AuNPs were placed directly
on conductive carbon adhesive tapes and observed as is.

Transmission Electron Microscopy (TEM)

A JEOL 2100 (JEOL, Japan) and JEOL JEM-2200FS HR (JEOL, Japan), operating at 200 kV, were
used for the TEM observations of the cream with AuNPs. All of the samples were first dispersed
in ethanol, and then a drop of each of these samples was put on a copper TEM grid with an
amorphous carbon film. The grids were then dried before they were used for the TEM investiga-
tions.

Opto-Magnetic Imaging Spectroscopy (OMIS)

The effects of the creams with AuNPs were examined using Opto-Magnetic Imaging Spectrosco-
py (OMIS), a diagnostic method which is based on light-matter interaction, and has been applied
to characterise water and skin layers [31, 32], cervical cancer and colon cancer [33], [34], colla-
gen and skin miniaturisation [2, 23]. The OMIS detects reflected diffuse and polarised white light
after their interaction with tissue, since the energy of photons of visible light (1.6- 3.0 eV) is the
same value as valance electrons. The method of examination is its ability to detect paired (p-)
and unpaired (p*) electrons as the paramagnetic and diamagnetic properties of the specimen.

Digital Digital
Detector Detector Light

(camera) (camera) /source
- %ﬁ
Light //| ‘\-\ Light LS C

Brewster
angle

source source

||||||
v

Incident

Diffuse
white light

Reflected Reflected

diffuse light polarised
light

Incident diffuse
white light

Specimen Specimen

Fig. 3 Schematic representation of the Opto OMIS method [35]

As shown in Fig. 3, the device consists of two light sources, which emit the same light, one at
an angle of 90° and the other at an angle of 53° (Brewster angle for the skin) to the sample, and a
detector (camera) to collect the reflected light. There are two different types of light after the
interaction with the tissue - one being reflected as diffuse (the one coming from the source at a
right angle), and one being reflected as polarised (coming from the source at the Brewster an-
gle). When reaching the detector, polarised light contains only its electrical properties, while
diffused light contains both magnetic and electrical properties. By subtracting these two lights,
the magnetic component is able to determine the paramagnetic and diamagnetic properties of
various layers of the tissue of interest. The light source contains light-emitting diodes (LEDs) of
different wavelengths (ultraviolet, green, red, infrared and white), and the detector collects the
reflected light using three channels: Red, green and blue (all contained in white light). Since
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those wavelengths go through skin to different depths (as shown in Fig. 4), it’s possible to de-
termine the biophysical properties of its layers. The biophysical skin properties (diamagnet-
ic/paramagnetic) were measured using OMIS as an innovative patented diagnostic method [36].
Fig. 4 shows the second-harmonic function, which is a nonlinear optical process, where two pho-
tons with the same frequency interacting with a nonlinear material, are "combined", and gener-
ate a new photon with half the wavelength and twice the frequency of the photons, which can
serve the coherence of the excitation. It means in the skin, as nonlinear media, a UV photon of
390 nm (omega) will generate as two photons of 780 nm (2 x 390 = 780 nm) and penetrate
deeply into the skin. Also, the process could be inversion, two photons of 780 nm may generate a
photon of 390 nm if they activate certain nonlinear media.

In the analysis method, Higuchi Fractal Dimension (HFD) was used as one of the parameters
for analysis. The Higuchi algorithm is a technique for calculating the fractal dimension of a time
series. The usage of the Higuchi method leads to very precise values of the fractal dimension and
shows the complexity of the time series studied. HFD is fast, and applicable in real-time calcula-
tions. Contrary to the linear methods, HFD can be applied directly to nonlinear time series, and it
is suitable for short time series™ analysis. HFD needs to be provided with only one input parame-
ter, specifying the maximal distance between the points compared in the time series [38, 39].

Non-linear
optical medium

Fig. 4 Skin cross-section and penetration of light of different wavelengths (from UV to IR) (wB - Blue channel of white
LED light, B - Blue LED light, wG - Green chanel of white LED light, G - Green LED light, wR - Red channel of white
LED light, R - red LED light, (G-B)(W-P) - Green minus Blue channel of white LED light (diffuse) and white polarised,
(R-G)(W-P) Red minus Green channel of white LED light (diffuse) and white polarised, (R-B)(W-P) Red minus Blue
channel of white LED light (diffuse) and white polarised) [37]

Volunteers' testing

A six-week study was conducted to examine the effects of AuNPs and 3HFWC-W in new creams,
as well as their synergistic effects. The volunteers were 33 women with an average age of 37
years, with the oldest participant being 65 and the youngest 21 years old, and they were divided
into four groups. Every volunteer was given two cream samples and instructions to apply them
twice a day on their forearm. One cream was the base of the standard cream without AuNPs (as
control), which was the same for all four groups. Three groups tested creams with a standard
base and with AuNPs, while the fourth group tested cream with the new complex AuNPs and
3HFWC-W. During the study two areas on the volunteers’ forearms were filmed every seven
days. After six weeks we had usable data for 33 volunteers.
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3. Results and discussions
3.1 ICP-MS

To ensure consistency between the differently stabilised AuNPs, the Au content of the initial
suspensions with ICP-MS was determined, and they were diluted with the appropriate amount
of D.I. water. The final measured concentrations of Au in all the prepared AuNPs" suspensions
are shown in Table 3.

Table 3 Au concentration in the prepared AuNPs’ suspensions

Au suspension Au concentration (ppm)
AuNC PEG10 120
AuNC PVP5 150
AuNA PEG20 100

3.2 DLS measurements

The principle of size measurement is based on Rayleigh scattering resulting from the Brownian
motion of AuNPs whose size is less than the wavelength of the incident light at a fixed scattering
angle [40]. The reason for choosing this technique for size distribution was the spherical shape
of the AuNPs, which was confirmed by the pronounced colour of all the obtained suspensions. To
determine the mean size distribution of AuNPs, DLS measurements were performed on all three
suspensions with the presence of the selected stabilisers. The estimated Z-average AuNPs in the
AuNC PEG10 suspension was 146.9 nm, in AuNC PVP5 190.9 nm and in AuNA PEG20 342.3 nm.
The histogram data for the PDI index and the shape of the size distribution curve are shown in
Fig. 5. The curves show a slight difference between the mean hydrodynamic radius of AuNPs in
the AuNC suspensions produced from the same AuNC precursor. This difference was most likely
caused by the difference between the PEG and PVP stabilisers. AuNPs prepared from the organic
AuNA precursor were, on average, much larger than the AuNPs prepared from the inorganic
AuNC precursor. The DLS measurements demonstrated somewhat larger AuNPs sizes than ex-
pected, while SEM and TEM observations show much smaller sizes of primary AuNPs in groups,
and soft agglomerates in the PVP and PEG medium. Soft agglomerate AuNPs are held together by
weak, physical van der Waals forces, while hard agglomerates (or aggregates) are usually nano-
particles with stronger chemical or sintering bonds between them [41, 42]. It is difficult to dis-
cern between primary nanoparticles and agglomerates with optical mobility measuring tech-
niques [43], such as DLS. The agitation and light mechanical force applied during mixing of the
AuNPs in the creams confirmed the presence of soft agglomerates, as they were disrupted into
individual AuNPs, seen in the investigations of the prepared creams shown below.

30

Z-average: 146,9 nm Z-average: 342,3 nm
PDI: 0,201 PDI: 0,442
25 —— AuNC PEG10
Z-average: 190,9 nm
PDI: 0,224 AUNC PVP5
20
- 1 AUNA PEG20
B
=
a 15
c
7}
3
=
10 \
5
0 —— \
0 100 200 300 400 500 600 700 800 900 1000
Size [nm]

Fig. 5 DLS size distribution of AuNPs in suspensions: AuNC PEG10, AuNC PVP5 and AuNA PEG20
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3.3 {'potential

AuNPs in a suspension of D.I. water synthesised with USP exhibited a slight negative surface
charge that was not significant enough to prevent agglomeration. Therefore, the addition of ste-
ric stabilisers was needed to ensure a stable suspension. This was achieved with the addition of
water-soluble polymers such as PEG or PVP, that physically prevent the AuNPs from coming in
close contact with each other, without having a significant effect on the surface charge of the
AuNPs. The measured ¢ potential of the stabilised AuNPs suspensions is shown in Table 4. Sig-
nificantly, PVP had the most negative charge. It is a well-established phenomenon that PVP has
the ability to reduce the surface charge of AuNPs [44 -46].

Table 4 Results of {'potential for all AuNPs™ suspensions

AuNPs’ suspension Type of Stabiliser concentration in D.I. water [g/L] ¢ potential

AuNC PEG10 PEG-10 g/L -1.56 #8.15 mV
AuNC PVP5 PVP-5g/L -3.12 +4.66 mV
AuNA PEG20 PEG - 20 g/L -1.53 #8.21 mV

3.4 SEM observations

AuNPs in all three suspensions were spherical in shape (see Fig. 6). The average sizes of the
smaller AuNPs ranged from 74 nm to about 95 nm. The presence of bigger AuNPs was also con-
firmed, in the range of about a couple of hundred nanometres. These represent a group of soft
agglomerates that are easily dispersed during the redispersion process. Hard agglomerates of
connected primary AuNPs were not detected in this study. Several point EDS analyses were per-
formed on the surface of AuNPs to confirm the purity and content of Au. The obtained results
showed a high purity of Au, especially for the case of nanoparticles from AuNA (96.10 wt. %).
The rest represents O, the origin of which can be attributed to bonds with the stabiliser. No oth-
er impurities were detected.

Spectrum o Au
Spectrum 1 6.73 93.27
Spectrum 2 22.81 77.19
Spectrum 3 16.29 83.71
Mean 15.27 | 84.73
Std. deviation 8.09 8.09
Max. 22.81 93.27
Min. 6.73 77.19
Spectrum 0 Au
Spectrum 1 513 | 94.87
Spectrum 2 8.07 91.93
Spectrum 3 7.03 92,97
Mean 6.74 | 93.26
Std. deviation 1.49 1.49
Max. 8.07 94.87

L_ 5.13 | 91.93 |
Spectrum o Au

Spectrum 1 3.71 | 96.29
Spectrum 2 3.67 | 96.33
Spectrum 3 4.32 | 95.68

Mean 3.90 | 96.10
Std. deviation | 0.37 | 0.37
Max. 432 | 96.33
Min. 3.67 | 9568 |

Fig. 6 SEM micrographs and results of EDS point analyses in wt. % for AuNPs: a) AuNC PEG10, b) AuNC PVP5 and
c) AuNA PEG20
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The chemical composition of the synthesised AuNPs was checked by EDS (see Fig. 6), and the
results have shown the presence of a high gold content (more than 85 wt. %) with oxygen origi-
nating from the stabilisers (PEG or PVP) at individual sites of the surface AuNPs.

3.5 Circularity and size of AUNPs

The calculated average circularity was 0.9 for all tested AuNPs (with a 0-1 range, 0 signifies an
irregular shape and 1 signifies a perfect circle). Table 5 shows the experimentally measured
mean AuNPs sizes compared to the theoretically calculated values, which were calculated based
on data from literature [47]. There was a difference between the theoretically calculated and
experimentally obtained sizes of synthesised AuNPs, which were bigger and not finely dispersed.
The synthesised AuNPs had a mixture of different morphologies, which was not taken into ac-
count in the theoretical calculations. The aerosol droplets were also generated in a size distribu-
tion, rather than a single droplet size. The coalescence of aerosol droplets was also not consid-
ered, which is difficult to prevent, as the gas flows in an enclosed system where turbulence ef-
fects are to be expected. The microporosity of the AuNPs was not seen after synthesis, the result
of which would perhaps be an even greater discrepancy between the experimental and theoreti-
cal values. It was observed from the SEM measurements that the AuNPs in suspensions had al-
most a unimodal size distribution. Namely, the AuNPs in AuNC PEG10 had an average size with a
peak at 84.94 nm (in the range 20-100 nm there were 88 % of the total AuNPs), the AuNPs in
AuNC PVP5 had an average size with a peak at 97.39 nm (in the range 20-100 nm there were 92
% of the total AuNPs) and AuNPs in AuNA PEG20 had an average size distribution with a peak at
104.25 nm (in the range 20-100 nm there were 93 % of the total AuNPs). The results are not
completely consistent with the SEM micrographs, as the SEM images should be considered to
show slightly higher AuNPs, due to insufficient high resolution and charge build-up due to stabi-
liser residues.

Table 5 Experimentally measured average AuNPs' size compared to the theoretically calculated values

Au suspension Average size of synthesised AuNPs (nm) Theoretically calculated AuNPs" size (nm)
AuNC PEG10 74.94 94.53
AuNC PVP5 87.39 94.53
AuNA PEG20 94.25 91.55

3.6 TEM observations

The prepared cosmetic creams were observed with TEM to determine how AuNPs were incor-
porated into the matrix of the base cream. As can be seen in the obtained TEM images (Fig. 7),
the AuNPs were quite well integrated with the other components of the base cream, which is the
basic requirement for cosmetics’ application. The monodispersity and stability of the different
AuNPs was achieved and is shown by the red circles in the TEM images for each test cream sepa-
rately. A more detailed investigation showed that there was no agglomeration of AuNPs, and that
they were mixed well with the base substance of the cream.

TEM investigations were also carried out for the cream 3HFWC-W/AuNPs, Fig. 8. Fullerene
from 3HFWC-W was found to be in direct contact with the smaller AuNPs (visible with a red
arrow). The size of the this fullerene was around 10 nm with completely spherical shapes, which
is consistent with the TEM photographs obtained by other authors [48, 49].

AuNPs b) A— AuNPs | ¢) AuNPs

50 nm ‘ 50 nm

Fig. 7 TEM micrographs of AuNPs taken from cosmetic creams with: a) AuNC PEG10, b) AuNC PVP5 and
c) AuNA PEG20

98 Advances in Production Engineering & Management 17(1) 2022



A gold nanoparticles and hydroxylated fullerene water complex as a new product for cosmetics

Fig. 8 TEM micrographs of fullerene from 3HFWC-W (red arrow) in contact with AuNPs

3.7 Cream test results

Predispositions and limitations in this study were: In order to obtain information about the epi-
dermis, we had to subtract the values obtained on the blue channel from the values of the re-
flected light obtained on the green light channel, and, thus, we obtained the w(G-B) convolution
of the spectrum. As seen in Fig. 4 wG penetrates to the bottom of the epidermis and wB to the
dream stratum corneum, so the w(G-B) convolution gives us complete information about the
biophysical characteristics of the epidermis.

In the attached graph of Fig. 9, which represents the average values of all participants, it can
be seen that there was a shift in the peak as well as a change in its intensity. The obtained values
give us information on the number of paired (p+) and unpaired electrons (p-), i.e. on the para-
magnetic and diamagnetic characteristics of the skin.
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Fig. 9 Change of (p-/p+) electrons in the epidermis before and after using creams with a) AuNC PEG 10,
b) AuNC PVP5, ¢) AuNA PEG20 and d) 3HFWC-WAuNA PEG20
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In Fig. 9a the change in the number of (p-/p+) electrons in the epidermis is visible for a group
of participants who used a cream with AuNC PEG 10. In the case of AuNC PVP5 cream, according
to the attached graph (Fig. 9b), it can be noticed that there was a change in the intensity of the
peak, but not its shifting, which is a possible consequence of the surface energy of AuNPs inter-
acting with the skin [50]. Since these are larger AuNPs compared to the first group, their surface
energy is lower. In the values obtained by averaging the data on the biophysical state of the skin,
volunteers of the third group, cream with AuNA PEG20, we noticed an even smaller change in
the intensity of the peak because their surface energy was the lowest (Fig. 9c). Cream with
3HFWC-WAuNA PEG20 ysed by the volunteers of the fourth group represents a symbiosis of AuNPs
and 3HFWC-W substances. AuNPs have a negative surface energy [51], which is why hydrogen
atoms from aqueous layers in 3HFWC-W are oriented towards them, thus creating a coating
around the AuNPs (2r < 95 nm). Thanks to this homogeneous structure, the substance neutralis-
es the negative charge of AuNPs, which is why the changes in the intensity of the peak were the
smallest in this group (Fig. 9d).

Change of fractal dimension a) Change of diamagnetism and paramagnetism ratio b)
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Fig. 10 Diagram of Higuchi fractal dimension (HFD) as one of biophysical parameters of epidermis properties-HFD
gives the dynamics of (p-/p*) electrons tissue: a) for all four groups before and after six weeks treatment for different
types of light. b) Diagram of the average biophysical properties of the epidermis (p-/p+) electrons for all four groups
before and after six weeks of treatment for different types of light

The fractal dimension (see Fig. 10a) of the graph for the first week of the third group is Ds=
1.417, while for the sixth week D= 1.5, which indicates that there has been a change in the der-
mis. The change is different with the fourth group, since the fractal dimension for the first week
is Df = 1.346, and for the sixth Df= 1.235. When other parameters are taken into consideration,
such as the ratio of (p+/p-) electrons, then we see that for group IlI, for the first week the result
equals -95.38, and for the sixth week -96.67, which indicates that the cream with AuNPs did not
affect the fibroblasts and collagen synthesis significantly, which is in accordance with the in-
crease in fractal dimension by 6.3 % in group IlII subjects. In group IV, which for the first week
had approximately the same value (p+/p-) = -95.65 as in group III (-95.38), while in the sixth
week there was a significant change in collagen synthesis in group IV subjects. The change of
diamagnetism and paramagnetism ratio presented in Fig. 10b as value (p+/p) increased signifi-
cantly for group IV, the change in the sixth week compared to the first was even 73.7 % better.
This is in accordance with the change in the fractal dimension of the signal obtained from the
dermis because the fractal dimension of the signal spectrum decreased by 8.6 % due to the bal-
anced dynamics of the oscillatory processes in the depth of the dermis, where collagen is domi-
nant.

Next, if we look at the results in Table 6, where the change of biophysical properties of skin
for dermis are presented according to the data for red light depending on the difference in wave-
length (nm), intensity (n. a. u.), surface ratio (p+/p-) and fractal dimensions, the following find-
ings can be made. In previous studies with a cream containing only the 3HFWC-W substance
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(without AuNPs), an improvement in effect by 28 % was achieved, what is comparable to other
creams that had the same base as classic bioactive ingredients. When AuNPs with 3HFWC-W
were combined in cream, significantly better improvement was achieved by 73.7 % (a difference
of 45.7 %), which is an obvious beneficial effect of the new cream. This can be attributed to the
result of the new combination of nano-quantum substance and functional properties of AuNPs
(AuNPs@3HFWC-W).

Table 6 Change of biophysical properties of skin for dermis according to data of red (R) light for all four groups:
1. (AuNC PEG 10), 2. (AuNC PVP5), 3. (AuNPsPEG20) and group 4. (3HFWC-WAuNA PEG20)

Light Week Unit 1. Group 2. Group 3. Group 4. Group
D P D P D P D P
Int (n.a.u) -60.85 37.57 -42.62 50.67 -47.48 4992 -49.38 45.87
1 WLD (nm) 118.71 128.37 11948 127.33 118.71 124.16 118.71 124.16

(p+/p-) -11.12 -11.03 -10.64 -10.89

W (G-B) Dy 1.136 1.064 1.103 1.098
Int (n.a.u) -79.52  84.19 -89.21 62.25 -7892 51.70 -31.13 44.52
6 WLD (nm) 121.73 129.669 11897 126.10 117.79 123.34 117.73 124.71

(p+/p-) -11.64 -12.23 -10.71 -9.80

Dy 1.099 1.103 1.172 1.124

4. Discussion

The perception of gold as an inert material was altered by the discovery that AuNPs are chemi-
cally reactive. Their properties can be adapted to certain applications by controlling the size and
atomic structure on the surface of the AuNPs. Suspensions with different stabilisers such as PEG
and PVP were used during the drying of AuNPs suspensions with lyophilisation in a laboratory
lyophiliser. At the same drying conditions in miron glass cosmetic jars, the dried material with
PVP was more stable and no entrainment of dried material was noted, where, on the other hand,
with the use of PEG stabiliser, the dried cake was more sensitive to sublimated solvent vapour,
which always entrained some fraction of the dried material out of the miron glass cosmetic jars.
The use of PVP in cosmetics™ application is also beneficial, and exhibits the best performance in
binding capacity, solubility, film formation and emulsifying performance [52]. The reduction in
surface charge mediated by PVP allows for more positively charged 3HFWC-W to be coordinated
around the surface of the AuNPs [44-46]. This allows for an increased transfer of -OH ions.

The proposed binding mechanism between AuNPs and 3HFWC-W is mediated by the stabilis-
ing polymers. Specifically, by the oxygen and nitrogen atoms that are present in their macromo-
lecular chains. Here, oxygen and nitrogen atoms act as electron donors to the almost 0 surface
charge of the AuNPs [53]. This interaction allows for weak surface binding of the polymers to the
surface of the AuNPs [44, 45]. Due to the inherent charge of the polymers being negative, this, in
turn, allows for electrostatic attraction between the AuNPs and the polymer stabiliser complex,
to attract and coordinate 3HFWC-W around its hydrodynamic radius. Zeta potential measure-
ments suggest that PVP offers more binding locations in comparison to PEG if one looks at the
molecular conformation of PVP and PEG, as shown in Fig. 11, with the proposed binding. In PEG
the oxygen atoms that interact with AuNPs and 3HFWC-W are in the main macromolecular
chain, while, in comparison, the interacting oxygen and nitrogen in PVP are a side functional
group. This steric and functional difference most likely enables a closer interaction between the
AuNPs’ surface and the molecule, causing a higher binding energy. One must also note that the
monomer unit (marked by square brackets) of PVP offers two binding points when compared to
the one of PEG. Since this coordinated complex is formed in a solution of water and stabiliser, we
presume that, due to the creams being emulsions containing a separate aqueous and lipoic
phase, that the complex is stable in the aqueous phase.
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3 AUNP / 3HFWCH b)

= L.
H»{O\/i\O/H AuNP / 3HFWC+";PN\/]/ .4'AUNP/3HFWC+
n:
n

AUNP / 3HFWC+

Fig. 11 Presentation of a binding scheme of AuNPs or 3HFWC-W with a) PEG and b) PVP. As there are hydrogen atoms
on the surface of the AuNPs or 3HFWC-W complex which carry a positive charge, the interaction of the complex with
PEG and PVP will be via hydrogen bonds O---H and N---H.

Collagen is one of the most abundant proteins in the human body, and, compared to all oth-
ers, it makes up 40 % of the total mass. In the skin, that percentage is much higher, almost 75 %.
The three main amino acids, glycine, proline and lysine participate in its formation. Depending
on the order of amino acids, there are about 28 different types of collagen. It is extremely im-
portant for the healthy appearance of the skin, because it’s a support, together with elastin net-
work, that allows the skin to return to it’s original position after being deformed by movement.
With age, as the amount of collagen fibres in the skin decreases, and due to the effects of UV and
high-energy photons of the sun, pollution, age and so on, skin deteriorates significantly, and con-
stant movement in the same place on the skin leads to changes called wrinkles. Until now to ac-
tivate collagen and elastin in an optimal way 3HFWC-W substance was used, which acts on the
biological structures that are arranged according to the same laws of symmetry (collagen, clath-
rin, microtubules, centrioles, flagella and processes based on Gibbs free energy), harmonises
them, and brings them into a natural functional state. Due to its icosahedral structure, it has ap-
propriate vibrational-rotational states that enable its harmonisation. Namely, 3HFWC-W stimu-
lates the formation of linearly bound water molecules in accordance with icosahedral (Fibonac-
ci) properties. This mechanism takes place in several steps: (i) Establishing the original state
with the conformational structure of biomolecules on the water/hydrogen bond and thus
achieving the optimal state; (ii) Signal transmission via non-covalent hydrogen bonds in the a-
helix via peptide planes; (iii) Reaction of a liquid crystal structure in a cosmetic product applied
to the skin; (iv) Creation of a water cluster with icosahedral symmetry, which together with wa-
ter organised in linear chains, that creates a network of water with properties of icosahedral
symmetry [2].

Previous studies have confirmed that 3HFWC-W increases the moisture content and stimu-
lates the regeneration of biomolecules. In comparison with four commercial cosmetic products,
the 3HFWC-W based creams showed better effects by 12-32 % [22]. Nanoparticles usually have
different physical, catalytic or biological properties from larger materials with the same chemi-
cal composition. The key to achieving better nanoparticle performance is increasing the surface
to volume ratio of the material, due to reduction to nanometre dimensions. The large and reac-
tive interface is responsible for the catalytic, antimicrobial and many electronic properties that
give nanoparticles a significant advantage over bulk materials. The most important difference
between basic materials and nanoparticles is that they have a large number of atoms on a small
outer surface, which leads to high surface energy and high reactivity. Ease of production and
functionalisation have resulted in various applications in many fields of biomedicine, such as
nanosensors, targeted drug delivery, medical imaging, but also in the cosmetics industry. The
high optical absorption of AuNPs, their scattering properties and low or complete lack of toxicity
have made them a promising class of ingredient in cosmetics. Previous research has shown that
the main properties of AuNPs in beauty care are accelerating blood circulation, anti-
inflammatory properties, antiseptic properties, increasing the firmness and elasticity of the skin,
improving the metabolism, and, thus, slowing down the ageing process [54]. Testing of creams
with the quantum substance 3HFWC-W based on the double derivative of C¢o molecules was
conducted, in order to investigate the impact of the synergistic effects of C¢o and AuNPs. To see
whether there is a synergistic effect of AuNPs and the substance 3HFWC-W, we monitored
changes in the forearms of the subjects (women) in two places every seven days. Wanting to see
how the creams with AuNPs (group III) and with the added 3HFWC-W (group 1V) affected colla-
gen, we observed red light, because it penetrates to the depths where collagen is formed.
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A more detailed mechanism of the 3HFWC-WAuNA PEG20 sybstance of the cream in the skin is
presented in Fig. 12. The mechanism is as follows:

a) The 3HFWC-WAuNA PEG20 gybstance penetrates through the layers of the epidermis up to the
basement membrane, where, under the oscillatory processes of collagen in the basement
membrane, it is activated and acts on the fibroblasts. Synthesis of new collagen and elastin
through water channels takes place, then continues to pass through the epidermis to the
skin's surface, releasing water molecules from the peripheral water layers of the sub-
stance.

b) Trans Epidermal Water Loss is being implemented, which affects the length of the seg-
ments of lipid layers and regulates the amount of water leaving the epidermis.

c) Regulation of the collagen oscillatory processes occurs in the basement membrane, and,
with that, the preservation of its stability is maintained.

d) In the final stage activation of the fibroblasts in the dermis from the basement membrane
occurs, using water (organised in water chains), which leads to the synthesis of new colla-
gen and elastin.

Based on the obtained scientific results the new substance 3HFWC-W with AuNPs will be
prepared in a cream with the name La Danza-Hyperlight fusion Anti - Ageing essential complex.
This will be followed by extensive testing to ensure maximum safety for cosmetic users.

Epidermis

I

([
ll.

1l r;g| It

Fig. 12 Schematic representation of the effect of the 3HFWC-WAuNAPEG20 sybstance in the epidermis a) and b) on the
basement membrane c) and in the dermis, from the basal membrane to fibroblast, via water hydrogen bonds, for d) a
new collagen synthesis
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5.

Conclusion

Within the performed research, we came to the following findings:

o With the use of Ultrasonic Spray Pyrolysis and freeze drying, AuNPs were successfully syn-
thesised, with the selected stabilisers that prevented their agglomeration. Dry AuNPs had
the final properties required for the preparation of cosmetic creams.

e The use of a PVP stabiliser in the freeze drying process allowed the formation of a very
stable form of dried AuNPs, with a smaller shrinkage observed in the drying Miron glass
cosmetic jar compared to the PEG stabiliser. Measurements showed that PVP helped re-
duce the surface charge of AuNPs in suspension, which allowed for better 3HFWC-W set-
ting around the surface of the AuNPs.

o The results of the six weeks clinical study cream on volunteers found improvements of col-
lagen quality in skin between 18-24 %, achieved due to the use of AuNPs (groups I, 11, III)
in a standard cream base, while the cream with the combination of 3HFWC-W and AuNPs
gave significantly higher improvements with the value of 45.7 %.

e It was also discovered that hydration of the skin (stratum cornum) increased by 6.4 -9.6 %
in standard creams with AuNPs, and 73.7 % in the 3HFWC-W/AuNPs cream. Similar re-
sults were measured by the epidermis-dermis function, where 24-28 % for standard
creams with AuNPs was identified, and 38.4 % for the cream 3HFWC-W/AuNPs.
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Appendix A

List of abbreviations

AuNC PEG10 AuNPs prepared by USP, with a chloride precursor with a concentration
0.5 g/L Au and collected in a suspension of D.I. water with 10 g/L PEG

AuNA PEG20 AuNPs prepared by USP, with an acetate precursor with a concetration
0.5 g/L Au and collected in a suspension of D.I. water with 20 g/L PEG

AuNC PVP5 AuNPs prepared by USP, with a chloride precursor with a concentration
0.5 g/L Au and collected in a suspension of D.I. water with 5 g/L PVP

AuNPs Gold nanoparticles

D.I. water Deionised water

DLS Dynamic Light Scattering

EDS Energy-Dispersive X-ray Spectroscopy

HFD Higuchi Fractal Dimension
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HDF
ICP-MS
LED
NHS
OMIS
PEG
PVP

RI

SEM
TEM
USP
wB

wG
WLD
wR
w(G-B)
w(R-B)
w(R-G)
3HFWC-W

Human dermal fibroblasts

Inductively Coupled Plasma-Mass Spectrometry
Light-Emitting Diode

Nano-harmonised substance

Opto-Magnetic Imaging Spectroscopy

Polyethylene glycol

Polyvinylpyrrolidone

Refractive Index

Scanning Electron Microscopy

Transmission Electron Microscopy

Ultrasonic Spray Pyrolysis

Blue channel of white LED light

Green channel of white LED light

wavelength difference

Red channel of white LED light

Green minus Blue channel of white LED light (diffuse)
Red minus Blue channel of white LED light (diffuse)
Red minus Green channel of white LED light (diffuse)
Hyper Harmonised Hydroxyl Modified Fullerene
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