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Nanotechnology

Fullerene

Nanomaterials (NMs) should consist for 50 % or
more particles having a size in the range
1-100 nm*

*European Commission, 2022/C 229/01
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Types of nanomaterials

Carbon nanotubes Graphene ]
hell il Metal oxide Quantum
Core-Shell nanoparticles nanoparticles Dots
2T "
& ®
e s
* s
by o9 ....
Polymeric Liposomes Metallic nanoparticles Fullerene Dendrimers

nanoparticles
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Gubala et al., Pure Appl. Chem. 2018



----------- Inhalation

Asthma
Bronchitis

** Ingestion

Crohn’s disease
Colon cancer

il "+ Dermal

Auto-immune diseases
Dermatitis

*

* Cell internalization

Nucleus
Membrane



http://www1l.chem.umn.edu/groups/haynes/research.html



http://www1.chem.umn.edu/groups/haynes/research.html

ECHA

European European

Food and Drug Chemical Medicines

Administration

European Food
Safety Agency

Valid and comparable analytical methods are required to
support risk assessment for regulation



Adsorption

Aggregation/ Transformations !
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Characterization

Size distribution
(ensemble methods)

Composition

Shape

Size distribution Concentration

(particle counting) dﬁ p (Mass, number)
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Surface area/ @ @' .

_ Dispersibility
Porosity
gh Coc0
Surface charge 6% Crystallinity, structure
Surface Agglomeration
functionality Aggregation

Labuda et al., Pure and Applied Chemistry, 2023



Characterization

Size distribution
(ensemble methods)

Physical information Shape
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Labuda et al., Pure and Applied Chemistry, 2023



Classical techniques

Ultraviolet-visible spectroscopy (UV-vis) Dynamic light scattering (DLS)
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Electron microscopy techniques (EM)
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Characterization

Size distribution
(ensemble methods)

Composition

Pyhsical information Stiape Chemical information

Size distribution Concentration

(particle counting) ‘~§> y ' N o s
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Surface area/ @ @ Dispersibility
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functionality Aggregation

Labuda et al., Pure and Applied Chemistry, 2023



Classical techniques

Difficulties f
quantitativ
information

Limited sensiti
and selectivi

Risk of impor
alterations d
sample prepar



I Number of NMss
1 Diversity of NMs
Transformations

Characterization/Quantification
(chemical/physical parameters)

Need for appropriate/validated analytical
methods/techniques



Types of nanomaterials

Metallic nanoparticles
(NPs)



Characterization

Size distribution
(ensemble methods)

Composition

Size distribution Concentration

(particle counting) L dﬁ ﬁ (Mass, number)

Surface area/ Dispersibility

Porosity

Surface charge Crystallinity, structure

Surface Agglomeration
functionality Aggregation

Labuda et al., Pure and Applied Chemistry, 2023



Characterization

Size distribution
(ensemble methods)

Composition

Shape

Size distribution Concentration

A
(particle counting) @ y p (Mass, number)

Surface area/ Dispersibility

Porosity

o Detector

ICPTorch  Plasma

Surface charge Crystallinity, structure

Surface Agglomeration
ICP'MS baSEd functionality Aggregation

techniques
Labuda et al., Pure and Applied Chemistry, 2023



Conventional

Elemental
detection

I Continuous signal

Signal

w

Time

Analytical information

Elemental identification

Total mass concentration

ICP-MS: Inductively Coupled Plasma Mass Spectrometry
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ICP-MS based
techniques



(gge nanoComposix



(& nanoComposix

www.nanoComposix.com

SAFETY DATA SHEET

Preparation Date: 10/11/2010
Revision Date: 02/10/2021

SECTION 1: Identification

NanoXact™ Gold Nanoparticles (AUCN)

Manufacturer: nanoComposix, Inc. NANOCOMPOSIX CUSTOMER SERVICE: (858) 565-4227
4878 Ronson CT STE K CHEMTREC (EMERGENCY ONLY): (800) 424-9300
San Diego, CA 92111-1806 POISON CENTER: (800) 562-8236

Relevant Identified Uses: Laboratory chemicals, Manufacture substances

SECTION 2: Hazards Identification

EMERGENCY OVERVIEW:
OSHA Hazards: No known OSHA hazards. Not a dangerous substance according to GHS.

Hazards not otherwise classified (HNOC) or not covered by GHS - None




SECTION 8: Exposure Controls and Personal Protection

CONTROL PARAMETERS: Contains no substances with occupational exposure limit values.
EXPOSURE CONTROLS:
APPROPRIATE ENGINEERING CONTROLS: General industrial hygiene practice.
PERSONAL PROTECTIVE EQUIPMENT:

EYE PROTECTION: Use equipment for eye protection tested and approved under appropriate government
standards such as NIOSH (US) or EN 166(EU).

SKIN PROTECTION: Wear protective clothing and gloves.
VENTILIATION: None.

RESPIRATOR: Respiratory protection not required. For nuisance exposures use type OV/AG (US) or type
ABEK (EU EN 14387) respirator cartridges. Use respirators and components tested and approved under
appropriate government standards such as NIOSH (US) or CEN (EU).

ADDITIONAL PROTECTION: No additional protection required.




@ Single particle (SP-ICP-MS)

number of events

11111111

diameter, nm

ICP-MS based
techniques

@ Hyphenated techniques (AF4/HPLC-ICP-MS)

N




Single Particle-ICP-MS

Sizing and counting

lon Detector

Pulsed signal (Time Resolved Analysis mode, TRA)

L

>

% 6006 °% &

Signal

Time




Single Particle-ICP-MS

Sizing and counting

lon Detector
ICP Torch Plasma

Pulsed signal (Time Resolved Analysis mode, TRA)

s
23
Signal

Time

Analytical information

NP identification

NP core size

Size distribution

Particle number concentration
Particle mass-based concentration

Mass concentration of ionic forms




Signal intensity (counts)

° 00,00
@B oS ewe s

Ll

Intensity (cps)

Time (ms)

Extrapolated particle

Data acquisition

e Concentration

* Nebulization efficiency
e Dwell time

e Acquisition time

nanoparticle suspension

Frequency

Data treatment

¢ Mathematical tools




Single Particle-ICP-MS

Corresponding
Dissolved Metal Standards
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Calibration Curve in Milli-Q water
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SP-ICP-MS: Data treatment

background
dssolved element

. Signal "
; discrimination
= A =
5 é £
L E
| NPs
E—— -

time:

B n-sigma (n=5)**

B Deconvolution***

*Thermo Electron Corp. **F. Laborda et al., Spectrochim. Acta Part B, 2020 ***Cornelis & Hasselhov, JAAS, 2014, ****Bj et al., JAAS, 2014



@ Single particle (SP-ICP-MS)

number of events

aaaaaaaa

diameter, nm

Complejo Hospitalario de Toledo

ICP-MS based
techniques




@ @9 Dilution
o PtNP concentration:
0% o and 1.1x10% - 3.1x10° p mL":
Q ® Vortex agitation
® (1,200 rpm 30 s)

30 & 50 nm PtNPs

Initial data points:
30,000

Dwell time:
5ms

{ Oo O
Auxiliary plasma gas T
Nebulizer gas

Quter plasma gas

SP-ICP-MS analysis



Recovery (%)

Data Particle
processing concentration

120 -

npQuant
—e—Deconvolution
—e—5-sigma

—o—K-means

PtNP concentration (p mL?)

Sanchez-Cachero et al., JAAS, Submitted (2023)
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PtNP concentration (p mL?)
Sanchez-Cachero et al., JAAS, Submitted (2023)



Optimum conditions

ICP-MS settings

lon Detector

ICP Torch Plasma

iy j RF-power 1,500 W
T (ms) , Nebulizer Meinhard
Spray chamber Cyclonic
/ Gas flows (L min™)
Plasma gas 14
Nebulizer gas 1.0
/ Auxiliary gas 0.8
= Data acquisition Time Resolved Analysis
e Mode SQ-KED
He flow rate (mL min™?) 4.9
lon monitoring 195p¢ 1978y
Analyte mass (uma) 194.96
Density (g cm™) 21.45
Transport efficiency (%) 9-12
Sample flow rate (mL min™) 0.32-0.40
Dwell time (ms) 5
Data points 40,000

Data processing: Deconvolution

Sanchez-Cachero et al., JAAS, Submitted (2023)

iCAP-TQ-ICP-MS ThermoFisher Scientific



Analytical performance

Particle
concentration

SD, .. (%) 1.8 0.7
SD, .. (%) 1.9 0.9

LOD* 0.029 ng L 13.78 nm

*Determined using the calculation tool developed by Laborda et al., Spectrochim. Acta Part B, 2020

Sanchez-Cachero et al., JAAS, Submitted (2023)
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Sanchez-Cachero et al., JAAS, Submitted (2023)



Signal intensity (cps)
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500

400

300

200

100

Discrimination capabilities

Time (s)
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Signal intensity (cps)

Sanchez-Cachero et al., JAAS, Submitted (2023)



Particle mass concentration

120 -

120 - —— = 00 h r I 00 h
- l
100 - ' | 100 : I
— l < |
< 80 - : R 80 | |
> I I > I
L o 60 -
> o l
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g 40 - | I K I
20 - l I 1 20 - I I
l
0 . L . 0 x I .
Triton I T™MAH | Triton + TMAH Triton - TMAH | Triton + TMAH
s == s -l —

TMAH: Tetramethylammonium hydroxide

Fernandez-Trujillo et al., Talanta, 2021



Recoveries (%) at 0 and 24 h incubation time

r——==-=-==7=1

TMAH o o o
CONCENTRATION | 1% I 2.5% 5%
B | |
l | |
| Oh 24h | Oh 24 h Oh 24 h
i :
I 957+06 993+0.4 | 77 +1 72.9+0.6 94 +1 100 + 6
, I I
I  101+2 103+2 | 105 + 1 94+1 873+0.1 9942
I |
| |
| |
93.3+0.3 101 +£2 76 +2 78+9 82.4+03 107+1
w ' |
[ - I I
3 | 99 + 4 100£2 | 68 + 4 97 + 4 92+2  86.9+0.3

Fernandez-Trujillo et al., Talanta, 2021
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analyses
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M-1 M2 M-3 M4 M-5 F1 F2 F3 F4 F5

M: Male Individuals F: Female

d

Fernandez-Trujillo et al., Talanta, 2021



@ Single particle (SP-ICP-MS)

number of events
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diameter, nm

ICP-MS based
techniques

@ Hyphenated techniques (AF4/HPLC-ICP-MS)

N




HPLC-ICP-MS

Ala

1

C18
column

/ Mlgairnum gorg size
% Exclusion Nimit volume \

7’

00 :

Q O 3 O 0 O
. Larger than maximum pore size m

Reverse-phase liquid chromatography (RP-HPLC)




HPLC-ICP-MS

Analytical information

Characterization  Size (hydrodynamic diameter)
Size distribution

ez Quantification Mass concentration

Speciation NP + Dissolved species

column ICP-TQ-MS

/ /O;)\Q 5 Cxchion ik viome N .
Q \/ | @8 ¢

larger than maximum pore size Eluti e

7’

Reverse-phase liquid chromatography (RP-HPLC)



HPLC-ICP-MS

Optimized separation conditions

RP-LC

Mobile 10 mM SDS, 1 mM NaH,PO,, 1 mM

phase Na,HPO,, pH=7.3

Column Nucleosil 7 um particle size, C18,
1000 A pore size, 250x4.6 mm

Injection 200

volumen

(nL)

Flow rate 0.5

(mL min?)

Fernandez-Trujillo et al., Anal. Chim. Acta, 2021



HPLC-ICP-MS

. -
— 1 10nm Au”
50000 4
Pic——
[ ﬂ
40000 =
» 30000 4
o
O
30 nm
20000 4
10000 -
0 v T v T v , -
0 2 4 6 8 10
Time (min)

10 nm (0.034 nM) and 30 nm (0.003 nM) AuNPs, and
dissolved Au3* (0.25 uM)

Lépez-Sanz et al., Talanta, 2017



In vitro In vivo

Clinical
translation

Her et al., Advanced Drug Delivery Reviews (modified), 2017



DMEM (Dulbecco's Modified Eagle Medium)

Inorganic Salts (g/liter)

CaCl, (anhydrous)
Fe(NO3)3-9H.0
MgSQ. (anhydrous)
KCI

NaHCO3

NaCl

N8H2P04'H20

Amino Acids (g/liter)

L-Arginine-HCI
L-Cystine-2HCI
L-Glutamine
Glycine
L-Histidine-HCI-H-0
L-lsoleucine
L-Leucine
L-Lysine-HCI
L-Methionine
L-Phenylalanine
L-Serine
L-Threonine
L-Tryptophan
L-Tyrosine-2Na-2H,0
L-Valine

0.20000
0.00010
0.09770
0.40000
1.50000
6.40000
0.12500

0.08400
0.06260
0.58400
0.03000
0.04200
0.10500
0.10500
0.14600
0.03000
0.06600
0.04200
0.09500
0.01600
0.10379
0.09400

Vitamins (g/liter)

Choline Chloride
Folic Acid
myo-Inositol
Nicotinamide
D-Pantothenic Acid
(hemicalcium)
Pyridoxine-HCI
Riboflavin
Thiamine-HCI

Other (g/liter)

D-Glucose
Phenol Red, Sodium Salt
Sodium Pyruvate

0.00400
0.00400
0.00720
0.00400
0.00400

0.00400
0.00040
0.00400

4.50000
0.01500
0.11000

Supplements:

Fetal bovine serum
(FBS) (10 %)
Penicillin
Streptomycin



Relative signal

0.6 -

o
B
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o
M
1

0.0

-0.06

4 ' 6 ' 8
Time (min)

5 nm PtNP (without cell culture media)
5 nm PtNP + DMEM-high glucose

Fernandez-Trujillo et al., Anal. Chim. Acta, 2021



Relative signal

0.6 - - 0.08
|_ —— | 5 nm PtNP (without cell culture media)
I 5 nm PtNP + DMEM-high glucose

0.4 I 0,04
I
|

0.2- . L 0.02
|
I
|

o : 0.00

0 2 4 2 8

Time (min)

Why do the retention time and relative signal decrease?

Fernandez-Trujillo et al., Anal. Chim. Acta, 2021



Relative signal

0.6

o
'S
1

o
(%)
]

: ~0.08
: 5 nm PtNP (without cell culture media)
5 nm PtNP + DMEM-high glucose
- 0.04
- 0.02

0.0 4

|
T — 0.00
4 6 8
Time (min)
Why does a second additional peak appear? °

Fernandez-Trujillo et al., Anal. Chim. Acta, 2021



Toxicological studies

Cell Cell cul.ture
media

In vitro
Cells I\

Incubation

conditions

Type

Size

Shape

Concentration

1]

v Collaboration with the research group of biochemistry-UCLM (Dr. Rosario Serrano)



Supernatants

Hela Cells

AuNPs characteristics In vitro cell culture conditions

- Size (10 nm vs 30 or 40 nm)
- Concentration (250 vs 500 ng mL1)
- Stabilizing medium (PBS vs Citrate)

AuNPs TOXICOLOGICAL STUDY

- Incubation time (24 h vs 72 h)
- Percentage of FBS (10% vs 0.1%)

FACTORS

Toxicological effects Uptake and transformation
g - ICP-MS
=N Cell viability - _HPLCICP-MS
- AF4-ICP-MS
- Cellular oxidative stress - TEM

- Confocal microscopy



HPLC-ICP-MS

Supernatants

1,04
(1) (2) (3) = Control
~——0.068 nM
08 = 0.14 nM
= —0.34 nM
|
T 064
o
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Time (min)

Relative signal

0.10 1

0.08
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o
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i
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=
i

0.02 4

0.00

(1) (2) (3) —— Control
——0.068 nM
——0.14 nM
——0.34 nM

4 6 8 10
Time (min)

(1) 10 nm AuNPs in DMEM; (2) Au3*in DMEM; (3) Au3*in mobile phase

Lépez-Sanz et al., Talanta, 2017
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HPLC-ICP-MS

Supernatants

1,0-
(1) (2 (3) Control
- 0.068 nM
= 0.14 nM
0.8+ ——0.34nM
|
T 06-
R
w
()]
=
Z 04+
©
x |
0,2+ \
/AN
0'0 1 L) 1 b 1
0 2 4 6 8 10
Time (min)

Relative signal
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1 = 0.068 NM
—0.14 nNM
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(1) 10 nm AuNPs in DMEM; (2) Au3*in DMEM; (3) Au3*in mobile phase

Lépez-Sanz et al., Talanta, 2017



Relative signal

o HPLC-ICP-MS

Control
(2) (3) |=—1/500
0,64

24 h
(1)
0.8 /250
—1/100
°% 1,01
\, 72 h = Control
%— ’ — 1/500
” 2 T d 1 —— 1/250
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04
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0,0 e
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(1) 10 nm AuNPs in DMEM; (2) Au3*in DMEM; (3) Au3*in mobile phase
Lépez-Sanz et al., Talanta, 2017



ICP-MS based
techniques



Cellular uptake

Elemental
detection

Single

particle

Dissolution
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Characterization

Size distribution
(ensemble methods)

Light scattering Prn
’ Composition
e EC ICP-MS, ICP-OES, AAS,
Shape FT-IR, Raman,
EM, AFM EM + spectroscopies

Size distribution Concentration

(particle counting) dﬁ ﬁ (Mass, number)

EM, AFM, PTA,  fag \ / - splCP-MS,
splCP-MS '-r -h...?;,% \ / " |Ar41cP-ms, saxs,
PR AN

/ L DCS, PTA, MDLS

Dispersibility
Microscopies,
light scattering

Surface area/ __@__®_--———--- =

Porosity
lon Detector B ET

ICPTorch  Plasma

Surface charge 6? Crystallinity, structure
Zeta potential \ XRD, FT-IR, Raman
Surface Agglomeration
ICP'MS baSEd functionality Aggregation
- XPS, NMR, TGA, Microscopies,
technlques FTIR, SIMS, AES light scattering

Labuda et al., Pure and Applied Chemistry, 2023



I Number of NMss
1 Diversity of NMs
Transformations

Characterization/Quantification
(chemical/physical parameters)

Need for appropriate/validated analytical
methods/techniques
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