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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

Internatignal Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Par

The main| task of technical committees is to prepare International Standards. Draft Intétnatio
Standardg adopted by the technical committees are circulated to the member bodies™for voti

[ 2.
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ng.

Publicatign as an International Standard requires approval by at least 75 % of the meémber bodfies

casting a yote.

In other c
technical

An ISO/PAS or ISO/TS is reviewed after three years in order to decide whether it will be confirmed

an IS

experlts in an ISO working group and is accepted for publication if it is-approved by more than 5(
of thefmembers of the parent committee casting a vote;

an IS
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transform
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rcumstances, particularly when there is an urgent market requirementfor’such document
fommittee may decide to publish other types of document:

D Publicly Available Specification (ISO/PAS) represents an agreement between techni

D Technical Specification (ISO/TS) represents an agreement between the members o
ical committee and is accepted for publication if it istapproved by 2/3 of the members of

three years, revised to become an Internatienal Standard, or withdrawn. If the ISO/PAS
confirmed, it is reviewed again after afurther three years, at which time it must either
ed into an International Standard or be'withdrawn.
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Introduction

Gold nanoparticles (AuNPs) can be controlled with regard to size, shape and surface ligands, making
them ideal for the study of relationships between their physicochemical properties and cytotoxicity
on living bodies[1][2][3]. Among the various properties of AuNPs, surface ligand characteristics, such as
the chemical composition, molecular structure and quantity of bound molecules, were found to play an
important role in determining the behaviour of AuNPs, e.g. the degree of aggregation or agglomeration
in solution, binding with biomolecules in cell culture media and cytotoxicity to living cells[4][5][6][7](8][9]
[10][11][12], On the other hand, surface ligand modification is not always successful in the synthesis step,
angthedegreeofigandexchangeshoutdbeidentified-priorto-theprope oxitity test of
AulNPs in order to obtain reliable an

d consistent results.

FT)
lig
of

IR (Fourier transform infrared) absorption spectroscopy is one of the most useful tools of
hnd identification and quantification. By using the FT-IR method, the structures and relative
igand molecules bound to NP surfaces can be analysed[13][14][15][16][17][18][19]{20]. Howev{

concentrations and aqueous environment of synthesized AuNPs will complidate the interpr

me
be

pe

asurement results. Low concentrations of AuNPs result in small absorbahce values, which
influenced by background noise or the absorbance of trace impurities."Since cytotoxicity
-formed in aqueous environments, we should analyse what is on-the surface of AuNP i

solutions if we want to study the effect of the surface characteristics on’cytotoxicity of AuNPs

wd
on
thd
thd
ca
S0
Te
col

ter molecules strongly absorb IR light over a wide frequency range, disabling IR absorptio
the solutes in very low concentrations. It is necessary to develop measurement guidelines
above issues can be minimized. In this project, we seekto'develop a Technical Specificatid

deliver the information about the molecular speci€s’bound to AuNPs when they were i
tions. Although the standardization of FT-IR méasurement procedures will be the bas
"hnical Specification, a great deal of weight will dlso be given to the sample preparation pro
rect FT-IR analysis.

NP surface
gquantities
b1, the low
etation of
can easily
r tests are
h aqueous
However,
in analysis
by which
n (TS) for

observation of chemical moieties bound to the synthetic AuNP in the form of dehydrated films, which

h aqueous
is for this
redure for
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Surface characterization of gold nanoparticles for
nanomaterial specific toxicity screening: FT-IR method
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3.1
att
AT
ing

higher than the criticalangle

NOTE The light is completely reflected by the upper surface of the crystal, and the intensity of

att

abgorbed is asgd to identify the absorbed chemical moiety, and the fraction of light that is absorbed

qu

Scope

ng FT-IR of dehydrated gold nanoprticle (AuNPs) films both before and after nanomats
otoxicity testing.

TE1 AulNPs may have surface bound ligands prior to testing and may be additionaly covered
h organic- or bio-molecules during the cytotoxicity test.

TE2  Nucleic acids, amino acids, lipids or membrane components binding to AuNPs can be obsel
Epectroscopy by detection of absorption bands corresponding to phosphodiester;/amine or lipid, r
hough the type of nucleic acids, proteins or lipid cannot be identified in detailbased on IR spectra.
Normative references

e following referenced documents are indispensable for/the/application of this document.
fument (including any amendment) applies.

/TS 27687, Nanotechnologies — Terminology anddéfinitions for nano-objects — Nanoparticle
1 nanoplate

Terms and definitions

the purposes of this document, théterms and definitions given in ISO/TS 27687 and the folloy
enuated total reflectionmode

R Mode
trumental mode of gperation in which the incident angle of IR light on the crystal is adjul

enuated throught absorption by materials covering the upper surface of the crystal. The frequency

intitatethe’amount of that moiety present.

3.4

dialycic

molecules
rial (NM)

(or coated)

ved by FT-
spectively,

For dated
eferenced

nanofibre

ving apply.

sted to be

the light is
r of IR light
is used to

process by which small molecules or ions diffuse through a membrane, thus causing their separation
from larger molecules in solution and from suspended matter

[ISO 6107-2:2006, definition 38]

3.3

Fourier transform infrared spectroscopy
FT-IR

analytical chemical technique based on absorption of infrared radiation by chemical moieties in the
specimen, used to identify and quantitate the absorbing chemical moieties

©lI
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34

limit of detection

LOD

measured quantity value, obtained by a given measurement procedure, for which the probability of falsely
claiming the absence of a component in a material is 3, given a probability a of falsely claiming its presence

NOTE1 Adapted from ISO/IEC Guide 99:2007, definition 4.18.

NOTE2 LOD may be determined as 2,776 times the standard deviation of the measurements of 5 replicate
blanks under conditions of repeatability with IUPAC recommended values of 0,05 for both a and f.

NOTE3 |SeealsoISO 17191.

3.5
limit of quantification
LOQ
lowest value of an analyte that can be determined with an acceptable level of accuracy and precision

NOTE1 |LOQ may be determined as 10 times the standard deviation of the photometric-hoise, which will give
relative precision o4/4 < 10 % for the minimum signal level A.

NOTE 2  |See Reference [24].

3.6
molecular weight cut-off value
MWCO
molecularn weight of solute that is retained by more than 90 %.after 16 h dialysis

NOTE See References [25] and [26].

3.7
nano-object
material with one, two or three external dimensiens in the nanoscale

[1SO/TS 2J687:2008, definition 2.2]

NOTE Generic term for all discrete nanoscale objects.
3.8

nanoparticle

NP

nano-object with all three external dimensions in the nanoscale
[ISO/TS 2y687:2008, definition 4.1]

NOTE If the lengths of the longest to the shortest axes of the nano-object differ significantly (typically| by
more than three times), the terms nanorods or nanoplate are intended to be used instead of the term nanopartifle.

3.9
nanoscale
size range from approximately 1 nm to 100 nm

[1SO/TS 27687:2008, definition 2.1]

NOTE1 Properties thatare not extrapolations from a larger size will typically, but not exclusively, be exhibited
in this size range. For such properties the size limits are considered approximate.

NOTE 2  The lower limit in this definition (approximately 1 nm) is introduced to avoid single and small groups

of atoms from being designated as nano-objects or elements of nanostructures, which might be implied by the
absence of a lower limit.

2 © IS0 2012 - All rights reserved
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3.10

pre-tested distilled water

DW

distilled water validated to be free from IR absorbing impurities by FT-IR measurement

3.11

relative centrifugal force

RCF

acceleration force relative to the Earth’s gravity

3.12

sufface plasmon resonance band

SP.E\
rafpge of frequencies of absorbed light, where the absorption is the result of the collective osq

eld

NO

4

ctrons within the near-surface region of a solid

TE SPR occurs in thin metal films or metallic NPs.

Symbols and abbreviated terms

AulNP gold nanoparticle

IR
M\
SC
UV

5.

5.1
Sin
ma
pre

5.1

infrared
[V molecular weight
M serum containing media
Vis ultraviolet/visible

i Earth’s gravimetric acceleration-as a reference unit for the relative centrifugal f

Sample preparation mode

1 Removal of unbound'molecules

.1 General

ce FT-IR absofption spectroscopy measures total molecular species in the sample film, al
lecules thatdre active IR absorbing species except solvents shall be removed from the solut]
bparing the sample film in order to correctly identify the molecules bound to the surface of

.27\ Dialysis

illation of

prce

unbound
ion before
AuNPs.

Dialysis is an efficient method for separating unbound molecules from AuNPs when membranes with
adequate MWCOs are available. If used adequately, dialysis membranes reduce the concentration
of unbound molecules according to the volume ratio of the sample and dialysis solutions, generally
retaining more than 90 % of NPs. It is recommended that MWCO is lower than half the MW of the species
to be retained, and higher than three times the MW of the species intended to pass through. Because
the efficiency of dialysis membrane depends on the charge and shape of molecules, the unbound
molecular removal efficiency of a dialysis membrane shall be verified before the separation of AuNPs
from unbound molecules. Prior to the efficiency test, the membrane shall be tested if it is free from IR
absorbing impurities. The procedure for impurity test is as follows:

a)

fill the dialysis bag with 0,5 ml to 3 ml of pretested DW;

© IS0 2012 - All rights reserved
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b)

f)

g)

The memlrrane thatis free from IR active impurities can be used for the dialysis. The procedure for the
test of dia|

a)

seal the DW containing dialysis bag with a proper clip and dialyse 16 h in a bath containing pretested
DW (2600 ml in volume);

clean the surface of ATR crystal or IR window by using a solvent moistened cotton swab;
take a required volume (2 or = 200 u 1) of liquid in the dialysis bag;
NOTE Use 2 ul for the ATR method and = 200 uL for the transmission method.

drop the sampled liquid on an ATR crystal or IR window and dry it in a dehydration chamber
(see 5.2); this procedure is called “drop and dry”;

measyire the FT-IR spectrum of any potential impurities dissolved in the sampled liquid by usingthe
procedure in 6.2 or 6.3;

if there is no IR band exceeding LOD in the frequency region of interest, the membrane(is considered
free from IR active impurities.

ysis efficiency is as follows:
fill the dialysis bag with 0,5 ml to 3 ml of solution that contains only moleculesto be removed by dialy$is;

— molecules to be removed by dialysis correspond to surface ligands before and after exchanige,
ol biomolecules in SCM or cell extracts for binding test;

— the concentration of sample solution is set to the makimal amount of surface ligands that
can exist in the NP suspension. This value may be the'same as the added amount of liggnd
njolecules for exchange or estimated from the number of gold atoms on the surface, which ¢an
b calculated from the lattice constant[27] and the'diameter of AuNP. The maximal numbe of
lipand molecules is the number of gold atoms-on the surface assuming the monolayer binding
wlithout steric hindrance among ligands.

seal the sample containing dialysis bag with a proper clip and dialyse 16 h in a bath contain|ng
pretefted DW (2600 ml in volume);

take 4 required volume (2 or = 200 1) of sample in the dialysis bag;

“drop|and dry” the sample solution on an ATR crystal or IR window;

measire the FT-IR spectruny of sample film by using the procedure in 6.2 or 6.3;
take 4 required volume+2 or = 200 ul) of sample in the bath;

“drop|and dry” theSample solution on an ATR crystal or IR window;

measyire the EF4R spectrum of sample film by using the procedure in 6.2 or 6.3;

comppre€ the spectra obtained in steps e) and h). If neither spectrum shows bands above LD,
repealt with an increased concentration of the sample solution. Since both samples “in the dialylsis
bag” and “in the bath” should be the same composition after proper dialysis, the membrane is
considered validated if they both have bands higher than LOD and the intensities are the same

within measurement uncertainty.

5.1.3 Centrifugation

Centrifuge method can be used for the separation of AuNPs from unbound molecules especially when the
MWs of unbound molecules are too high to find a dialysis membrane with adequate MWCO. Insufficient
centrifugation speeds will result in the suspension of AuNPs in the supernatant, which can be identified
from SPR band absorption observed by using UV/Vis absorption spectroscopy. Excessive speeds will
result in sedimentation of unbound molecules. Efficient re-suspension of AuNPs should be guaranteed
among the centrifuge method to obtain sufficient concentration of AuNPs in solution for FT-IR analysis.

© ISO 2012 - All rights reserved
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UV/Vis absorption spectrum can be used to provide information about efficient sedimentation and re-
suspension according to the SPR band observation. If the absorption spectrum of unbound molecules
is properly excluded in the SPR absorption region, degree of aggregation/agglomeration can also be
estimated by the broadening of SPR absorption band of AuNPs. The procedure to determine combination
of centrifugal force and time for efficient sedimentation of AuNPs without interference from unbound
molecules is as follows:

a) fill a 2 ml micro-centrifuge tube with 1,5 ml of AuNP solution;

b) sediment AuNPs by centrifugation with the force and time recommended in Table 1;

) | drain as large a volume as possible of the supernatant from the tube without disturbing the pellet;
measure the UV/Vis absorption spectrum of the supernatant between 400 nm and 750 1jm against
DW as background;
— check if the SPR band of AuNP is observed considering the absorption of unbound mglecules;

d)| if the maximum SPR absorbance is higher than 0,05, which is the Nower limit pf UV/Vis
quantification[28], repeat steps a) to c¢) with increased centrifugal £0tée or centrifugdtion time
increased by 20 %);

e) | if the maximum SPR band absorbance is lower than 0,05, the eentrifugal force and time is high
enough for sedimentation.

Table 1 — Recommended RCF and time for sedimentation of AuNPs as a function of particle
diameter
AuNP size in diameter Sample volume RCF timg
(nm) (ml) (min
5 1,5 19 000 60
15 1,5 10 000 20
30 1,5 5000 20
50 1,5 2000 20
100 1,5 1000 20

The procedure to establish-the upper limit of centrifugal force and time is as follows:

f) | fill a 2 ml micro;eentrifuge tube with 1,5 ml of solution that contains all the other components
except AuNP suchds free ligand solution before and after exchange, SCM or cell extracts;

g) | centrifugethetube with the centrifugal force and time established through steps a) to e)

h) | take 1.mbof supernatant without including any potential sediment;

i) | takefa required volume (2 or = 200 u 1) of the supernatant solution; “drop and dry” the splution on
the ATR crystal or IR window and measure an FT-IR spectrum;

j) vortex the remaining solution in the tube and take a required volume (2 or = 200 u I) of the
remaining solution; “drop and dry” the solution on the ATR crystal or IR window and measure an
FT-IR spectrum;

k) triplicatestepsfromf)toj)asindependentexperiments; average the FT-IR spectra ofthe supernatant
(Spectrum IR-1) and the remaining solutions (Spectrum IR-2), respectively;

1) compare “Spectrum IR-1” with “Spectrum IR-2”; if any absorption band in “Spectrum IR-2” exceeding

LOQ is greater than 1,3 times “Spectrum IR-1", the centrifugal force or time should be reduced to avoid
sedimentation of unbound molecules. If all the absorption bands in “Spectrum IR-2” exceeding LOQ are
within 0,7 to 1,3 of those in “Spectrum IR-1", the upper limit of centrifugal force and time is established;

© IS0 2012 - All rights reserved


https://standardsiso.com/api/?name=54f4fcb020f5f1904bc3e3d53f0d8067

ISO/TS 14101:2012(E)

m) if the centrifugal force and time established through steps a) to e) are higher than the upper limit
values obtained through steps f) to 1), the centrifugal force and time can be reduced until they reach
the lower limit where the maximum SPR absorbance of the supernatant solution is as high as 0,05.

After the centrifugal force and time have been determined, AuNPs shall be separated from the unbound
molecules through the following procedure:

n)
0)
p)
q)

5.2 Delyydration

Removal ¢f water in the sample film is necessary,since IR light is strongly absorbed by water. To mz¢
a dehydra|
be validated by the blank test as in the following procedure:

a)

f)

fill a 2 ml micro-centrifuge tube with 1,5 ml of AuNP solution;

sediment AuNPs with the centrifugal force and time determined through steps a) to m);

drain

add 1

repealt steps o) to q) three times;

the supernatant from the tube in as large a volume as possible without disturbing the pell

5 ml of DW to the pellet in the tube; vortex the tube for 30 s to establish stable suspehsion

the sqlution after performing step r) shall be used to make a sample film for the FTNI[R'measurement;

if the
base

— fgr amine functionalized AuNPs, add 150 ul of 1 N HCl to 1,5 ml AuNP suspension after step

a

— fqr carboxylate functionalized AuNPs, add 150 ul of 1 N NaOH to 1,5 ml AuNP suspension af]
step q) and vortex again for 30 s;

— tlhese additives are washed out in the step r).

meas

experfiment. The dehydration chamber can be a (vacuum) oven or a (vacuum) desiccator. In case

using
shall

put the blank ATR crystal or IR window in the dehydration chamber during the time durat

requi
meas

clean
swab

an be added for efficient re-suspension;

nd vortex again for 30 s;

ked AuNP film on an ATR crystal or IR'window, contamination should be avoided and it sho

ire the time required for dehydration of AuNP solution in a dehydration chamber used for

the “vacuum” oven or desiccator, the vacuum pump shall be an oil-free type, or a cold ti
be equipped between-thechamber and the vacuum pump;

ed for dehydration of AuNP solution;
ire the [R\intensity spectrum through the blank ATR crystal or IR window;

the surface of the ATR crystal or IR window with a high purity isopropanol moistened cot{
Measure the IR intensity spectrum through the cleaned ATR crystal or IR window;

AuNP pellet does not re-suspend due to agglomeration in step q), a sthall amount of acid| or

q)

ter

ke
11d

he
of

ap

on

on

calcu

dehydration chamber;

ate the FT-IR spectrum of the ATR crystal or IR window that was incubated In t

he

if there is no IR band exceeding LOD in the frequency region of interest, the dehydration process
is free from IR active impurities. Otherwise try to find the source of impurity and reduce the IR
absorbance below LOD while repeating steps from b) to e).

5.3 Screening test for impurities in DW from sample tubes

Some conical tubes and micro-centrifuge tubes release hydrocarbon impurities when they contain
DW for more than a few minutes. Although the absorbance values due to these impurities are very low
(<10-3), it can seriously affect the analysis of surface ligands on AuNPs, since the FT-IR absorbance values
from AuNPs themselves may also be very low. It is best to avoid sample tubes that release hydrocarbon

6
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impurities. Before testing the impurities from the sample tubes, DW shall be tested if it is free from
impurities. The procedure for the impurity test of DW is as follows:

a) take arequired volume (2 or = 200 ul) of DW;
b) “drop and dry” DW on the ATR crystal or IR window;
c) measure the IR intensity spectrum through the ATR crystal or IR window (see 6.2 or 6.3);

d) clean the ATR crystal or IR window surface with a high purity isopropanol moistened cotton swab.
Measure the IR intensity spectrum through the cleaned ATR crystal or IR window;

e) | calculate the FT-IR spectrum of the drop-and-dried DW;

f) | if there is no IR band exceeding LOD in the frequency region of interest, then uselDW that is free
from IR active impurities. This is called “pretested DW”. Otherwise try to find the source of impurity
and reduce the IR absorbance below LOD by repeating steps a) to e).

Onjce DW has been validated to be impurity-free, contamination of DW by FT5IR active impuryjities from
sample tubes can be tested by the following procedure:

a) | fill the sample tube (micro-centrifuge or conical tube) with pretested DW up to 80 %;
b) | close the lid and vortex the tube for 30 s;

c) | maintain DW in the sample tube for more than 30 min;

d) | take arequired volume (2 or = 200 ul) of liquid in the)sample tube;

e) | “drop and dry” sampled liquid on the ATR crystal or IR window;

f) | measure the FT-IR spectrum of potential impurities in DW stored in the sample tube (see[6.2 or 6.3;

g) | ifthereis no IR band exceeding LOD inthe frequency region of interest, the sample tube if free from
IR active impurities. This is called “pretested sample tube”. Otherwise, clean the sampleftube with
retested DW or high purity isopropanol and repeat steps from a) to f) after drying the sapple tube.
[f there is still IR band exceeding’/LOD in the frequency region of interest, use a sample tubg supplied
from the other companies dnd'repeat the test through steps from a) to f).

6 | FT-IR measurement procedure

6.1 General

In [this clausejymeasurement procedures for FT-IR analysis are described. The ATR and trahsmission
mgthod using water insoluble IR transmitting materials can be used.

6.2 ~ATR method

The ATR method is applicable to quantitative analysis of thin films such as AuNP film prepared from
solution. An aliquot of the AuNP suspension or solution is deposited on the ATR crystal element. The
solvent is evaporated and AuNPs or solvated molecules form a thin film, with thickness proportional
to the concentration. Provided that the film remains in intimate contact with the crystal and its
thickness is less than the penetration depth of the evanescent wave above the ATR crystal, the measured
absorption signal is proportional to the thickness of the film. Since the concentration of AuNPs
in solution is generally low (<1 um), the sample film prepared from the solution is very thin (<1 um
thick). It is recommended to use ZnSe or diamond as the materials for ATR crystals with circular active
window region of approximately 2 mm in diameter. Those materials are good to be used as IR windows
because they are waterproof and exhibit high transparency in IR wavelength region. One of the main
advantages of using the ATR mode is that the sample volume needed for FT-IR measurements is very
small (approximately 2 ul) due to the small active area of the ATR crystal. IR absorption profile in the
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FT-IR spectrum obtained by using the ATR method cannot be directly compared with those obtained by
transmission method because the reflected IR intensities are distorted along with the frequency at the
surface of the ATR crystal. Nevertheless, the FT-IR spectrum obtained by using ATR method provides
quantitative information if they are compared with the spectra obtained by the same method, and if the
linear range of the method is not exceeded. The procedure for the measurement of FT-IR spectrum by
using the ATR method with minimized background distortion is as follows:

a) turn on the FT-IR spectrophotometer and start flowing dry nitrogen (N3) to purge IR optics along
the beam path. Then warm-up and purge instrument for more than 60 min. The time required
for purge completion shall be tested according to the purge test procedure in 6.4. It is generall

reconrrended-toteave-the instrumrentswitchedomrpermmanentty toavotd-thestabittzationrperioy

b) cool 1
instry
absor

c) verify
d) clean
e) “drop
f) meas
g) clean
h) meas
i) calcu

Measurin
the crystq

6.3 Transmission method

High pres

he IR detector by using liquid nitrogen (N2) or other cooling systems supplied with
ment, if required. It is recommended to use detector that provides LOD at least 3,0 101
bance unit, within the time duration validated in the procedure according to 6.4;

instrument stability;

crystal with a high purity isopropanol moistened cotton swab;

and dry” sample onto crystal;

ire sample single-beam spectrum; also record resolution and makimum integration time;
crystal in situ by using a solvent moistened cotton swab;

ire background single-beam spectrum;

ate sample absorbance spectrum from background-and sample single-beam spectra.

b the background after the sample is better here because there is a smaller time interval 3
1 does not need to be removed.

sure pressed pellets are frequently used in the transmission method for the FT-IR spectr

measure

distortion according to the morphologies of pellets. It is recommend making a dehydrated sample f
on a watet insoluble, transparent {R'window in preparing the sample for the application of transmiss
method, which will provide more ‘consistent results than using pellets in view of background stabil
The procgdure for the measurement of FT-IR spectrum by using the transmission method is as folloy

a) turn ¢n the FT-IR spectrophotometer and start flowing dry N> to purge IR optics along the be
path. [Then warm-tp and purge instrument for more than 60 min. The time required for pu
completion shallbe tested according to the purge test procedure in 6.4. It is generally recommeng
to leaye the.nstrument switched on permanently to avoid the stabilization period;

b) cool the-R detector by using liquid N3 or the other cooling system supplied with the instrumenf

ent, however, the small IR.absorption of AuNPs can be highly perturbed by the backgroy

d;

he
in

nd

1lm
nd
Im
on
ty.
VS:

AIm

Foe
ed

, if

required. Tt is recommended to use a detector that provides LOD at Ieast 3,0 x 10~% in absorbance
unit, within the time duration validated in the procedure according to 6.4;

c) verify instrument stability;

d) clean

e) “drop

IR window with a high purity isopropanol moistened cotton swab;

and dry” sample onto IR window;

f) measure sample single-beam spectrum; also record resolution and maximum integration time;

g) take off the IR window and remove sample film by using a solvent moistened cotton swab;

h) measure background single-beam spectrum;

© ISO 2012 - All rights reser

ved


https://standardsiso.com/api/?name=54f4fcb020f5f1904bc3e3d53f0d8067

j)

ISO/TS 14101:2012(E)

calculate sample absorbance spectrum from background and sample single-beam spectra;

instead of steps g) and h), it is desirable to use a sample window shuttle that can be equipped with

two windows for sample and background measurement, respectively;

— with the instrument equipped with the sample window shuttle, purged atmosphere in the IR

beam direction can be maintained during the intensity spectrum measurements
and background;

of sample

— in this case, the background intensity spectrum shall be measured by using a blank window that is
clean and composed of the same material and shape as the window used for sample film preparation;

— theabsorption difference spectrum between two blank IR windows for sample and.bd

6.4 Determination of time required for complete purge

6.4.1 General

Sirjce the FT-IR method provides very sensitive detection of molecular.compounds even in

pu
ab
pe
us

Fging the atmosphere in the direction of IR light shall be performed.to avoid the interferenc

hally results in IR bands in the region of water vapour and.carbon dioxide due to the con

respectively, shall be measured and subtracted from the sample absorption spectrum.

ckground,

bas phase,
e from the

sorption by water vapour, carbon dioxide and the other possible‘impurities in the air. Pugge can be
-formed by flowing dry N3 gas along the whole region where IR light passes through. Insuffidient purge

Centration

difference of those molecules between sample and background measurement. Therefore, the time required
for] complete purge shall be determined and applied béfoere the measurement of IR intensity

Th

e following procedure shall be performed to determine the time required for complete purg

6.4.2 ATR method

The ATR method is as follows:

a)

b)
‘)

d)

e)
f)

g)

©lI

purge input in the instrument;
record the IR intensity spectrum reflected from the ATR crystal as background;

waitfor predeterminedtime duration, e.g. 10 min, for purge. The predetermined time can be

record the IR ‘intensity spectrum reflected from the ATR crystal as the signal; calcu
absorptionsspectra of the clean ATR crystal;

wait fof predetermined additional time duration, e.g. 10 min, c) for further purge;

record the IR intensity spectrum reflected from the ATR crystal as the signal; calcu
absorption spectra of the clean ATR crystal;

Spectrum.

a¥

install a clean ATR crystal at thectystal position in the instrument while supplying dry N2 through

preferably

set as the time difference between the sample and background measurement in the daily analysis;

late FT-IR

late FT-IR

compare the spectra obtained by the last two measurements;

— if the two IR absorption bands agree within LOD at the entire wavelength, the time required for

complete purge is determined as the purge time until the former measurement;

— otherwise, repeat steps €) to g) until IR absorption bands from the last two measurements

agree within LOD at the entire spectrum.

SO0 2012 - All rights reserved
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6.4.3 Transmission method

The transmission method is as follows:

a) install a clean IR window at the window position in the instrument while supplying dry N, through
purge input in the instrument;

b) record the IR intensity spectrum transmitted through the IR window as background;

c) waitforpredetermined time duration, e.g. 10 min, for purge. The predetermined time can be preferably
set as the time difference between the sample and background measurement in the daily analysis;

d) record the IR intensity spectrum transmitted through the IR window as the signal; calculate FIIFIR
absorjption spectra of the clean IR window;

e) wait for predetermined additional time duration, e.g. 10 min, c) for further purge;

f) recorfl the IR intensity spectrum transmitted through the IR window as the signalycalculate FTHR
absorjption spectra of the clean IR window;

g) comphre the spectra obtained by the last two measurements;

6.5 Linpar range of IR band intensity versus concentration

s

flthe two IR absorption bands agree within LOD at the entire wavelength, the time required for
copmplete purge is determined as the purge time until the formermeasurement;

— otherwise, repeat steps e) to g) until IR absorption bands from the last two measurements
bree within LOD at the entire spectrum.

QO

For the purpose of quantitative analysis, it is required to determine the linear range of IR bgnd
absorbange versus concentration of AuNPs for specific vibrational modes. Because the IR absorptiviity
of molecular vibrational band may change after<binding with AuNPs, the quantification is not for the

amount of ligands bound on AuNP but only for:the band intensity here. When the linearity of IR bgnd

intensity yersus concentration is established, it is possible to identify the ligand exchange by observ
the relatiye band intensities (see 7.1). This-can be done by observing the IR band intensities of sam
films madg with serially diluted AuNR.solutions, respectively. The experimental procedure to determ
the linear|concentration range in respéect to the IR band intensity is as follows:

a) take 3 required volume (2°6r-= 200 ul) of sample; “drop and dry” the solution on the ATR crys
or IR window;

b) meastire the FT-IR.spectrum according to the procedure in 6.2 or 6.3;

c) serially dilutessample solution to the halves in concentration (e.g. 1/2, 1/4, 1/8, 1/16); preparg
least four serially diluted solutions;

d) measyire the FT-IR absorption spectrum of each diluted solution;

ng
ple
ne

tal

at

e) set the inverse of dilution factor as “x” (e.g. 1/2, 1/4, 1/8, 1/16) and the absorbance of highest

“«_n,

band as “y”; plot those values in linear scale;

IR

f) determine the concentration range where the absorbance is linearly dependent on the inverse of

dilution factor covering at least three points;

g) calculate the relative intensity ratios of the IR bands to the highest band at each spectrum obtained

with serial dilution;

h) plot the relative intensity ratios of the IR bands versus the inverse of dilution factor; determine the
concentration range where the relative intensity ratios are independent of dilution factor covering

at least two points;

10 © IS0 2012 - All rights reser
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the concentration range for the valid FT-IR spectrum analysis shall satisfy both the conditions in

steps f) and h).

6.6 LOD and LOQ determination

6.6.1 General

For the purpose of quantitative analysis, it is necessary to determine the LOD and LOQ for each vibration
frequency. According to I1SO 17191, o4/A < 10 %, calculated as 10 times the standard deviation of the

phptometric noise. Therefore, 1.OD and 1.0Q can he calculated as 2,776 and 10 times the standard

deyiation of the photometric noise, respectively (2.77604 for LOD and 1004 for LOQ). The profedure for

the¢ analysis of photometric noise for LOD and LOQ estimation at each frequency is as fellowg (it is also

important to set up and stabilize the instrument as described in 6.2 or 6.3).

6.9.2 ATR method

The ATR method is as follows:

a) | install a clean ATR crystal at the crystal position in the instrument;

b) | record the IR intensity spectrum reflected from the ATR crystal;

c) | perform a surface cleaning procedure of ATR crystal by using a solvent moistened cotton|swab;

d) | record the IR intensity spectrum reflected from the ATR crystal as the background;

e) | calculate FT-IR absorption spectrum of the clean®ATR crystal;

f) | measure at least five independent IR spectraby repeating from steps b) to e);

g)| calculate standard deviations of FT-IR -absorption spectra obtained in the steps from jg) to f) at
each frequency;

h) | calculate LOD at each frequency-by’multiplying the standard deviations by 2,776;

i) | calculate LOQ at each frequency by multiplying the standard deviations by 10.

6.6.3 Transmission method

The transmission method is as follows:

a)
b)

c)

d)

e)
f)
g)

h)
)

©lI

install a cleafi IR window at the sample position in the instrument;

record the’IR intensity spectrum transmitted through the IR window;

sivab;

takesoff and perform a surface cleaning procedure of IR window by using a solvent moistened cotton

re-install the cleaned window and record the IR intensity spectrum transmitted through the IR

window as the background;
calculate FT-IR absorption spectrum of the clean IR window;
measure at least five independent IR spectra by repeating from a) to e);

calculate standard deviations of FT-IR absorption spectra obtained in the steps from
each frequency;

calculate LOD at each frequency by multiplying the standard deviations by 2,776;

calculate LOQ at each frequency by multiplying the standard deviations by 10.

SO0 2012 - All rights reserved
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6.7 Repeatability determination

For the purpose of quantitative analysis, it is necessary to determine the measurement repeatability
of the IR absorption bands. Repeatability can be assessed as 95 % confidence interval obtained from
the repetitive absorption measurement[29]. The procedure for the analysis of IR absorption band
repeatability is as follows:

a) take arequired volume of sample solution and measure FT-IR spectrum of dried sample according
to 6.2 or 6.3;
— the concentration of sample solution shall be adjusted within linear range according to 6.5;
b) analype the IR band intensities that exceed LOQ intensities;
c) obtaip at least three independent IR spectra of the sample films made of the samejsolation |by
repeating the sampling, measurement and spectrum calculation procedure;
d) calculate the standard deviations of IR bands from the observed IR spectra;
e) calculate 95 % confidence interval of relative repeatability (Clgs o, rrpt) from'the standard deviatjon
and the number of independent observation by using the following equation;
CI95% 'Rpt :[kXS(Av)/\/N}/Av,m (1)
where
Clos oy rRpt 15 95 % confidence interval of relative repeatability;
k is coverage factor for a given confidencelevel and the number of date (values are
summarized in Reference [30]);
s(A4y) is the standard deviation of the@bsorbance from N data;
N is the number of independefit'observations;
Aym is the mean value of measured absorbance.
7 Application examples
7.1 Degrees of liganid)exchange
The degrge of ligand{exchange from one compound to the other can be assessed by comparing the
relative intensities:In this assessment, all absorption bands that exhibit intensities higher than the LPQ
can be us¢d. In'addition, the band intensity should be linearly dependent on the concentration of AuNP
solution af described in 6.5. Exemplified procedure to validate the ligand exchange is as follows:

a)

b)

<)

d)

12

take 1 ml of AuNPs solution before ligand exchange. Separate AuNPs from unbound ligands according
to 5.1.2 or 5.1.3 and provide AuNP suspension in DW;

“drop and dry” the solution prepared in step a) on the ATR crystal or IR window and measure the
FT-IR spectrum. Obtain the IR spectrum of AuNPs before ligand exchange from this measurement;

take a required volume of free ligand solution that will be exchanged on AuNP surface. “Drop and
dry” this solution on the ATR crystal or IR window and measure the FT-IR spectrum. Obtain the IR
spectrum of free ligand molecules from this measurement;

take 1 ml of AuNPs solution after ligand exchange. Separate AuNPs from unbound ligands according
to 5.1.2 or 5.1.3 and provide AuNP suspension in DW;
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Binding of major biochemical moieties to the surface of AuNP can be measured through the ide
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cy
sul

a)
b)
‘)
d)
e)
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“drop and dry” the solution prepared in step d) on the ATR crystal or IR window and measure the

FT-IR spectrum. Obtain the IR spectrum of AuNPs after ligand exchange from this measu

rement;

list the absorption bands exceeding LOQ from highest frequency band to the lowest one in the IR
spectrum of AuNP before exchange. Assign serial numbers to the absorption bands starting from

“1” for the highest frequency band;

calculate the relative absorbance of each IR band in three spectra obtained in steps b)
normalized with -CH; stretching band intensities, respectively;

if-CHp stretchingband intensities are smaller than LOQ in any spectrum, use the other absor
whose intensities exceed LOQ in all the FT-IR spectra obtained in steps b), c¢) and e), for nor

plot the relative intensities of IR bands versus assigned numbers;

compare the relative intensity plots of AuNP before exchange and free ligand.(Check if tH
IR band exhibiting difference in the relative intensity ratios between two spectra;

— ifthere is no IR band differing relative intensity, this method cannétbe used;

— ifthere is any IR band differing relative intensity, mark the IR bahd for comparison;

Estimate the degree of exchange qualitatively from the ratio of distinct IR bands;

a case study result of ligand exchange validation on thésurface of AuNPs is presented in

. Qualitative measurement of biomoleculas binding

hmine, phosphodiester or lipid vibration mgdes. This observation can be made before ang
otoxicity test of AuNPs. The results may be used to infer the binding of biochemical moig
faces. Procedure of these moieties on AUNP surfaces using FT-IR during the cytotoxicity testis

measure the FT-IR spectrum of-AuNP to be used for cytotoxicity test;

maintain the mixture in'an incubator for fixed time duration;
at predetermined-time intervals, take upper solution in the tube without drawing cells;

fill the sampled-solution into approximately 2 ml micro-centrifuge tube and sediment c
fragmentsdrawn with the upper solution by centrifuging the tube with 250 x g;

take the supernatant that may contain AuNPs, unbound biomolecules and salts. Removg
unbeund molecules from the solution by using dialysis or centrifuge method;

g)

, €) and e)

tionband,
alizing;

ere is any

compare the relative ratios of marked IR bands of ligand exchanged AuNP with the ¢ther two.

Annex A.

ntification
| after the
ties AuNP
as follows:

add a fixed volume of AuNP solution to the sample tube that contains live cells and cell cultyire media;

blls or cell

salts and

measure the FT-IR spectrum of separated AuNPs. Compare this spectrum with the spectrun

nobtained

1n step a). Check if new IR bands are detected in the FT-IR spectrum obtained in the last spectrum;

— binding of biochemical moieties characteristic of proteins to AuNPs can be qualitatively
measured by simultaneous detection of 3 510 cm1to 3 310 cm-! (aliphatic/aromatic and

primary/ secondary amine stretch) band and 1 650 cm-1 1 550 cm-1 (aliphatic/ aro
primary/ secondary amine bend) band[311[32][33];

matic and

— binding of biochemical moieties characteristic of lipid or membrane components to AuNPs can
be qualitatively measured by detection of increased band at 2 935 cm-1to 2 915 cm-1 (methylene
C-H asym. stretch), 2 865 cm-! to 2 845 cm! (methylene C-H sym. stretch) and 1 485 cm-1 to

1 445 cm-1 (methylene C-H bend) band[341[35][36];

© IS0 2012 - All rights reserved
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h)

14

— binding of biochemical moieties characteristic of nucleic acids to AuNPs can be qualitatively
measured by simultaneous detection of 1 240 cm-1 to 1 220 cm-1/1 130 cm-1 to 1 080 cm-1
(phosphodiester backbone sym./asym. stretch) band and 1 500 cm-1 to 1 300 cm-1 (base sugar

vibration) band([37][38][39];

information about IR band assignment for functional groups can be found in Reference [40];

an example of qualitative measurement of biochemical moieties characteristic of proteins on the
surface of AuNPs in SCM is presented in Annex B.

© ISO 2012 - All rights reserved
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Annex A
(informative)

Case study for validation of ligand exchange

2012(E)

In this annex, a validation example of the AuNP surface ligand exchange by using FT-IR analysis has

befn presented. 1'he surface of AuUNFsS has been changed from citrate to HS-(CH2]J11-(ULH]

(tr
ex

experiments delivering two independent batches of AuNP solutions (1st and 2nd batchés'in Fig

Sin
thd
vili
grg

2) pecome larger than those at the frequency region of C = O vibrationgnodes (mode 3 and 4) i
spectrum. Such difference can be observed in the comparison of ET-IR spectra (Figure A.1, |
relptive absorbance pattern of vibration modes to the mode 1 chahges according to the degre
exthange. [Figure A.1, b)] Comparison of the relative intensitiés for vibration modes showe
exthange in the 1st batch was more effective than that in the 2nhd batch. Such qualitative inte
colild not be deduced by simple band detection.

ethylene glycol mono-11-mercaptoundecyl ether; TEMUE) and FT-IR spectra before and after

ce there are two moieties of methylene groups and three moieties of carboxylate groups

CH3)3-OH
theligand

hange were monitored. For this case study, ligand exchange reactions were performed'in twp separate
ure A.1).

in citrate,

absorbance values of -CHp vibration modes (mode 1 and 2) are relatively smaller than those of C=0
ration modes (mode 3 and 4) in the FT-IR spectra. On the other hand, there are 17 moieties of inethylene
ups and no carboxylate group in TEMUE, the absorbance values of -CHp,vibration modes (nmjode 1 and

the FT-IR

\) and the
e of ligand
d that the
"pretation

©lI
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Citrate-Au NP

1t batch
(Au NP)

1 20 batch
(Au NP)

Free ligand for
exchange

Absorbance

3000 2000 1000
-1
Wavenumber (cm )

a)
1.5
A — e — Citrate-Au NP
— a— 15t batch (Au_NP)
w —v— 2" batch{Au NP)
o s
1.04 * Free ligadd for
< axthange
o
=
©
— 0.51
O]
o
0.0 T ¥ T "4 T ¥ T ¥ T ¥ T

Vibration Mode

b)

Key
The numbdrs on each line representdifferent vibration modes. Vibration frequencies and related functional
groups are|as follows:

1 2924 m-1CHj asym.stretch

2 854 tm~1 CH; synistretch

1581 fm-1C =0 stretch

1396 km-1 garboxylate C-0O-H bend
1 257 pm~Mcarboxylate C-O stretch

N U1 A W N

1 111 enr+atcohoticC=O-stretch

Figure A.1 — a) FT-IR spectra of free ligand molecules and AuNPs of which the surface ligands
were exchanged from citrate to TEMUE; b) relative IR absorption band intensities of free and
AuNP bound ligands. The relative ratio was normalized to mode 1
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Annex B
(informative)

Case study for qualitative measurement of biochemical moieties

binding to the AuNP surface

In
FT
ob

Fid
FT)

tri
cu

timpe interval. Then AuNPs were separated from unbound molecules and FT-IR spectra were }

As
FB
16
to

frd

Lhis annex, evidence of biochemical moieties binding to alkyl chain carboxylate bound AuN
IR spectroscopy has been presented. The binding of biomolecules to the surface of Aul
berved through the assignment of amine, phosphodiester or lipid vibration modes.

ure B.1 shows that biomolecular adsorption on the surface of AuNPs can be monitored by
IR spectra in view of relative intensities. Solution of 30 nm AuNPs having* 11-(Carbox
bthylene glycol) undecane thiol (CMTEUT) on their surface were mixed with 20 % FBS cont
ture media in 1:1 volume ratio. A fixed portion of the mixture solution wassampled at pred

S containing cell culture media. When the absorption intensities at 3 311 cm-1 assigned t|
53 cmland 1 550 cm-1 for N-H bending were normalized by the band intensity at 2 924 cm-
CH; asym. str., the resultant values from the SCM mixturédwere much higher than the value
m the solution before mixing.

P by using
NP can be

observing
ymethoxy
hining cell
btermined
ecorded.

shown in Figure B.1, N-H bond related vibrational modes appear after maintaining AuNREs in 10 %

o N-H str.,
L assigned
5 obtained

©lI
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Figure B.Jl — a) FT-IR spectra of AuNP films obtained by using the ATR mode. Sample films were

made pfAUNPs with CMTEUT ligand in distilled water or 10 % FBS cell culture media after
remotlfl trotecutesd P bjretativet L Rt sombamd

assigned to amides on the surface of AuNPs. The relative ratio was normalized to the -CH3
asym. str. mode intensities

As shown in Figure B.2, DLS sizes of AuNPs increased by approximately 50 % while there was very little
change among the UV/Vis absorption spectra of AuNPs in solution after mix with SCM. These results
indicated that hydrodynamic radius of AuNPs increased due to binding of additional molecules and the
increase was not due to agglomeration of AuNPs regarding almost invariant the SPR band absorption

spectrum in the longer wavelength region.
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