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ABSTRACT
Until  now,  automation  in  nanomaterial  research  has  been  largely  focused  on  the  automated  synthesis  of  engineered
nanoparticles  (NPs)  including  the  screening  of  synthesis  parameters  and  the  automation  of  characterization  methods  such  as
electron  microscopy.  Despite  the  rapidly  increasing  number  of  NP  samples  analyzed  due  to  increasing  requirements  on  NP
quality control, increasing safety concerns, and regulatory requirements, automation has not yet been introduced into workflows
of analytical methods utilized for screening, monitoring, and quantifying functional groups (FGs) on NPs. To address this gap, we
studied the potential of simple automation tools for the quantification of amino surface groups on different types of aminated NPs,
varying  in  size,  chemical  composition,  and  optical  properties,  with  the  exemplarily  chosen  sensitive  optical  fluorescamine
(Fluram) assay. This broadly applied, but reportedly error-prone assay, which utilizes a chromogenic reporter, involves multiple
pipetting and dilution steps and photometric or fluorometric detection. In this study, we compared the influence of automated and
manual pipetting on the results of this assay, which was automatically read out with a microplate reader. Special emphasis was
dedicated  to  parameters  like  accuracy,  consistency,  achievable  uncertainties,  and  speed  of  analysis  and  to  possible
interferences from the NPs. Our results highlight the advantages of automated surface FG quantification and the huge potential
of  automation  for  nanotechnology.  In  the  future,  this  will  facilitate  process  and  quality  control  of  NP  fabrication,  surface
modification, and stability monitoring and help to produce large data sets for nanomaterial grouping approaches for sustainable
and safe-by-design, performance, and risk assessment studies.
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1    Introduction
Laboratory automation,  which was initiated in the early  1990s in
the fields of biomarker research, drug discovery, and clinical assays
to reduce analysis time and costs, increase sample throughput, and
advance  miniaturization  to  reduce  sample  size  or  amount  [1−9],
has meanwhile reached bio-, environmental, and food analysis [1,
2, 10],  as well  as material  chemistry [11, 12] and nanotechnology.
Examples  for  the  latter  present  the  automated  syntheses  of
engineered  nanoparticles (NPs) including  the  screening  of
synthesis  parameters  to  speed  up  the  identification  of  NP
morphologies  and  chemical  compositions  providing  optimum
functionality,  to improve the reproducibility  of  NP fabrication or
to  simplify  frequent  steps  of  NP preparation  such as  purification
[13−22].  For functional optical  NPs like semiconductor quantum
dots,  perovskites,  lanthanide-based  upconversion  nanoparticles
(UCNPs),  and  plasmonic  metal  NPs,  these  approaches  often
involve in-line or at-line optical  detection methods.  Examples for
increasingly  automated  NP  characterization  methods  present
imaging  methods  like  electron  microscopy  [23, 24].  Also,  first
examples for toxicity testing of nanomaterials utilizing automated
optical  microscopy  platforms  have  been  reported  which  require
the analysis of many samples [25].

Although  the  importance  of  NP  surface  chemistry  is  well

known  for  application-relevant  properties  such  as  dispersibility
and  colloidal  stability  as  well  as  NP  function,  only  recently,  its
huge impact on the interaction of NPs with the environment and
biological species was recognized, determining NP cellular uptake,
and  hazard  potentials  [26−29].  The  increasing  need  to  improve
the  quality  control  of  NP  fabrication  and  surface  modification
processes,  and  for  stability  monitoring—together  with  safety
concerns  of  the  EU  commission,  international  standardization
organizations, and regulators—call for simple, robust, inexpensive,
and  reliable  methods  for  determining  and  screening  NP  surface
chemistry [29, 30]. However, until now, automation schemes have
not  yet  been  utilized  for  methods  providing  information  on  NP
surface chemistry. Amongst the many different analytical methods
utilized  for  quantifying  functional  groups (FGs) on  NPs,  optical
methods  such  as  photometry  and  fluorometry  are  particularly
promising as they offer a high sensitivity, specificity, and speed of
analysis  at  relatively  low  costs  [31].  Optical  assays  have  been
developed  for  surface  FGs  like  amino,  carboxyl,  aldehyde,
maleimide, and thiol groups as well as for NP-bound biomolecules
like  proteins  [32].  Typical  examples  are  the  Ninhydrin,  N-
succinimidyl-3-(2-pyridyldithio) propionate (SPDP),
fluorenylmethoxycarbonyl- (Fmoc),  and  fluorescamine (Fluram)
assays  [30].  While  the  performance  of  optical  assays  is
straightforward,  however,  the  workflows  can  involve  multiple
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steps, such as dilution, transfer of defined volumes of liquids, and
incubation  and  washing  steps  that  can  be  time  consuming  and
error prone. Moreover, the optical properties of reporter dyes such
as fluorescence, can be affected by pH and matrix. This can limit
the data consistency even for skilled and trained staff.

This encouraged us to explore the potential of automation tools
successfully  applied  in  other  research fields  for  the  quantification
of  surface  amino groups on aminated silica  NPs,  iron oxide NPs
(IONPs),  and  UCNPs,  chosen  based  upon  their  different  optical
properties  and  their  frequent  usage  in  the  life  sciences  [33−36],
with the exemplarily chosen Fluram assay. This fast, selective, and
sensitive assay is broadly applied for the quantification of primary
amino (NH2) groups  on  pharmaceutical  compounds,
biomolecules, and surface-modified nano- and microparticles like
polymer  and  silica  particles  [37−40].  It  exploits  the  quantitative
reaction  of  the  precursor  fluorophore  fluorescamine (4'-phenyl-
3H,3'H-spiro  [2-benzofuran-1,2'-furan]-3,3'-dione) with  primary
amino groups, yielding a colored and fluorescent product [37−39].
The  reaction  conditions  of  the  Fluram  assay  as  well  as  the
emission  intensity  and  stability  of  the  fluorescent  product  are,
however, influenced by pH and solvent [41]. In addition, this assay
involves  several  pipetting  and  dilution  steps,  which  are  mainly
performed manually in research labs and small  enterprises in the
field  of  nanotechnology.  The  uncertainty  of  these  steps  largely
depends on the proper  function of  the  commonly employed air-
cushion pipettes, which must be regularly calibrated, as well as on
operator skills and sample properties like viscosity [42−44]. Hence,
a  reliable  and  accurate  quantification  of  NH2 groups  with  the
Fluram  assay  requires  target-specifically  optimized,  precisely
controlled,  and  preferably  standardized  conditions.  In  addition,
for  NPs,  also  NP-inherent  optical  properties  such  as  absorption
and  emission  as  well  as  size-dependent  scattering  could  affect
assay  performance and results.  This  is  addressed in  our  study by
comparing  the  quantification  of  NH2 groups  on  aminated  silica
NPs,  IONPs,  and  UCNPs,  with  manually  performed  and
automated  Fluram  assays  and  automated  readout  with  a
microplate  reader  in  fluorescence  mode  using  positive  and
negative  control  samples  to  account  for  the  optical  properties  of
the  different  aminated  NPs.  Overall,  our  results  clearly
demonstrate the advantages of an automated FG characterization
with  respect  to  data  reliability,  consistency,  and speed  of  analysis
and highlight the underexplored potential of automation for such
simple  optical  tools  for  the  screening,  monitoring,  and
quantification  of  surface  FGs  on  nanomaterials.  Our  study  is
expected  to  pave  the  road  for  adapting  automation  concepts
developed  for  bioanalytical  assays  with  optical  detection  to
applications in nanotechnology in the future. 

2    Experimental
 

2.1    Materials
All  chemicals,  reagents,  and  solvents  were  of  analytical  grade  or
higher and used as  received,  unless  otherwise stated.  All  aqueous
solutions  and  buffers  were  prepared  with  MilliQ-water
(0.055 μS/m; Merck Milli-Q® IQ 700 device). 

2.2    Nanoparticle syntheses and characterization
Pristine silica NPs (SiO2 NP) [45], iron oxide/silica core/shell NPs
(SiO2@IONP) and  upconversion/silica  core/shell  NPs
(SiO2@UCNP) [46]  were  synthesized  following  literature
protocols. Surface amino FGs were introduced by a postsynthetic
grafting  step  with (3-aminopropyl)triethoxysilane (APTES) as
detailed  in  the  Electronic  Supplementary  Material (ESM).  NP
properties  like  size,  shape,  and  surface  charge  were  characterized
by  transmission  electron  microscopy (TEM),  dynamic  light

scattering (DLS),  and  zeta  potential  measurements  using  a  Talos
F200S  Microscope (ThermoFisher  Scientific) and  a  Malvern
Panalytical Zetasizer Nano ZS equipped with a 630 nm laser. The
zeta potential was calculated from the NP electrophoretic mobility
using the Einstein-Smoluchowski theory. 

2.3    Quantification of the total and derivatizable number
of amino FGs
The  total  amount  of  amino  FGs  was  potentiometrically
determined by a back titration of the aminated NPs, dispersed in
0.1  mM  hydrochloric  acid (ChemSolute  GmbH),  with  0.1  mM
sodium  hydroxide  solution (ChemSolute  GmbH) using  a
SevenExcellence S475 pH meter from Mettler Toledo (Germany)
and the derivatizable number of amino FGs by the fluorescamine
(Fluram) assay.  This  assay  was  manually  performed  by  11
operators  and  additionally  done  with  the  Assist  Plus  automated
pipetting  system (INTEGRA  Biosciences,  Switzerland),  equipped
with a D-One 1250 µL 1-channel pipette and a D-One 300 µL 1-
channel  pipette  with  the  specific  TipGrips (INTEGRA
Biosciences) and the software VIALAB (version 3.1.0). For manual
pipetting, different sets of Eppendorf Research Plus pipettes (single-
channel,  variable) including  volume  ranges  0.5–10  µL (medium
grey), 2–20 µL (light grey), 2–20 µL (yellow), 10–100 µL (yellow),
20–200 µL (yellow), 30–300 µL (orange), and 100–1000 µL (blue)
with the recommended epT.I.P.S. (Eppendorf) were employed, all
calibrated,  see  ESM  for  more  details.  For  the  Fluram  assay,
fluorescamine (1.51  μmol,  15  µL,  abcr  GmbH,  Germany),
dissolved in  acetonitrile (Sigma Aldrich,  Germany) was  added to
the  previous  purified  NP  samples (0.2–0.5  mg),  ethanolamine
(EA) samples (Sigma  Aldrich,  Germany;  12  different
concentrations) used  for  the  calibration  curve,  and  the  negative
(pristine  NPs) and  positive (l-valine) controls,  all  in  1  mL  of
phosphate buffer (0.01 M, pH 8), assay readout was done with the
Infinite  M200  pro  microplate  reader  from  Tecan (Switzerland)
using  an  excitation  wavelength λex of  392  nm  and  an  emission
wavelength λem of  480 nm. The detailed NP characterization,  FG
quantification,  including  protocols  and  calculations  of  the
potentiometric  back  titration,  optical  assays,  and  calculations  of
NP  surface  area (m2/g),  number  of  NP  per  mg,  and  number  of
amino FGs per particle are provided in the ESM. 

3    Results and discussion
 

3.1    Nanoparticle synthesis and characterization
The  four  types  of  aminated  NPs,  representatively  selected  for
manual and automated surface FG quantification with the Fluram
assay,  are  shown  in Fig. 1.  This  included  one  commercial  NP
(NanoChOp-01) with a nominal diameter of around 50 nm and a
polydispersity  index  of  0.10  [47],  and  three  custom-made
spherical,  aminated  core  and  core/shell  NPs  with  sizes  <  25  nm,
i.e.,  an  aminated  amorphous  silica  NP (SiO2 NP-NH2) as  well  as
an  IONP  and  a  lanthanide-based  UCNP (NaY0.5Gd0.3F4:Yb,  Er).
The  latter  two  NPs  were  coated  with  amorphous  silica  shells
bearing amino FGs (SiO2-NH2@IONP; SiO2-NH2@UCNP). These
NPs,  which are broadly utilized in the life  sciences [33−36],  were
chosen because of their different optical, i.e., scattering, absorption,
and fluorescence features, to examine a possible influence of these
NP properties on the assay results (see Figs. S5(a) and S5(b) in the
ESM).

Surface  amination  with  APTES (Fig. 1(b)) was  confirmed  by
the  resulting  positive  zeta  potential  values (Fig. 1(c)).  SiO2-
NH2@IONP (dTEM =  22.1  ±  1.6  nm) and  SiO2-NH2@UCNP
(dTEM =  17.8  ±  1.4  nm) also  showed  slightly  increased  number-
based hydrodynamic diameters of 99 ± 28 and 102 ± 29 nm after
APTES  grafting (Fig. 1(d) and Fig. S4  in  the  ESM).  Using  the
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particle sizes obtained by TEM (Fig. 1, Figs. S1 and S2 in the ESM)
and  a  silica  density  of  1.80  g/cm3,  an  estimated  monolayer  of
amino  FGs  was  calculated  for  each  particle  [48],  assuming
4  APTES  molecules/nm2.  This  yielded  amino  FGs  amounts  of
387.6  nmol/mg (NanoChOp-01),  1002.1  nmol/mg (SiO2-
NH2@IONP),  1208.3  nmol/mg (SiO2-NH2@UCNP),  and
1606.7 nmol/mg (SiO2 NPs-NH2). The total amount of amino FGs
per NP was determined by potentiometric acid-base back titration
and  then  used  to  calculate  the  surface  amino  FG  density  as  a
fractional monolayer coverage according to Y. Sun et al. [49]. This
quantity equals the measured total number of amino FGs divided
by the  number  of  amino FGs estimated for  monolayer  coverage,
see  also  ESM.  As  revealed  in Fig. 2(a),  all  NPs  showed  a
comparable  amino  FG  coverage  of  about  1.5-layer,  i.e.,  1.49
(5.96  amino  FGs/nm2) for  NanoChOp-01,  1.57 (6.60  amino
FGs/nm2) for SiO2 NPs-NH2, 1.38 (5.30 amino FGs/nm2) for SiO2-
NH2@IONP,  and  1.68 (6.50  amino  FGs/nm2) for  SiO2-
NH2@UCNP. 

3.2    Fluram assay
The  broadly  applied  Fluram  assay  relies  on  the  chromogenic
reporter  fluorescamine,  which  forms  an  optically  detectable
product  with  primary  amino FGs,  that  absorbs  between 230 and
400 nm and emits in the wavelength range of about 400–600 nm
[39].  The  absorption  and  emission  features  of  the  readout  assay
reaction product are distinguishable from those of fluorescamine,
which absorbs  at  wavelength  <  400  nm and is  non-emissive (see
Fig. S5 in the ESM). Therefore,  and as the assay product remains
on the NP surface, washing steps can be circumvented [30, 50, 51].
This renders this fast, selective, and sensitive assay, which has been
used before in high-throughput formates, e.g., for detecting N-acyl-
L-homoserine lactone (AHL) acylases and screening nanomaterial-
protein  interactions  [50, 51],  ideal  for  our  simple  automation
approach for quantifying surface amino groups on aminated NPs.
Moreover, this versatile concept of FG determination with optical
assays  and  chromogenic  reporters  can  be  expanded  to  the
determination  of  other  common  surface  functionalities  or  NP

ligands  as  chromogenic  reporters  are  also  known  for  other
application  relevant  FGs  [52−54].  Like  all  methods  involving  the
labeling  with  a  molecular  reporter,  the  Fluram  assay  yields  the
number  of  derivatizable  amino  FGs.  This  number,  which  is
relevant  for  the  subsequent  NP  derivatization  with,  e.g.,
recognition moieties, biomolecules, and antifouling species [30], is
affected  by  reporter  size  and  shape  and  commonly  smaller  than
the total number of FGs obtained with label-free methods or with
very  small  reporters  such  as  protons  or  hydroxide  ions  [55].
Although  the  number  of  the  derivatizable  FGs  does  not  provide
the exact coverage of  amino groups,  this  number is  very relevant
for NP process and quality control and can be utilized as a direct
measure  for  the  reproducibility  of  NP  synthesis  and  NP  surface
modification  as  well  as  for  NP aging.  Excluding  interactions  and
steric  effects,  we  calculated  a  maximum  number  of  1.1  reporter
molecules  per  nm2,  for  the  Fluram  assay  and  the  respective
chromogenic  reporter.  This  can  maximally  lead  to  a  27.5%
coverage of the estimated total number of amino FGs (Fig. 2(b)).

To explore the potential of automation for NP surface analysis,
exemplarily for the four aminated NPs shown in Fig. 1,  revealing
different  optical  properties,  and  the  Fluram  assay,  the  pipetting
steps  required  for  assay  performance  and  assay  calibration  were
performed with a self-programmed pipetting robot and manually
by  11  scientists  and  lab  technicians.  The  automatically  and
manually  filled  microtiter  plates  were  then  read  out  with  a
microplate  reader  in  fluorescence  mode  following  an  automated
workflow.  Assay  readout  and  data  analysis  were  done  by  one
experienced scientist.

Prior  to  the  automation  of  the  Fluram  assay  and  the
comparison  of  automated  and  manual  pipetting  workflows,  the
assay  parameters  were  optimized  using  the  amino  acid  l-valine
(Figs.  S7  and S11 in  the  ESM).  Thereby,  we  assured that  for  this
reportedly  error-prone  assay,  no  systematic  errors,  originating
from  the  pH- and  solvent  dependence  of  the  reaction  of
fluorescamine  with  NH2 groups  and  the  pH- and  time
dependence of  the fluorescence intensity of  the optically  detected
assay  product  affected  our  study  [41, 51].  Based  upon  the

 

Figure 1    Overview of NP syntheses and characterization. (a) TEM micrographs of SiO2 NP, SiO2@IONP, and SiO2@UCNP. (b) Surface modification with APTES (i):
EtOH 30 °C, Ar, 2 days. (c) Zeta potential data measured in MilliQ-water at pH 6.6 or EtOH. (d) Diameters of (1) NanoChOp-1, (2) SiO2 NPs, (2N) SiO2 NPs-NH2,
(3) SiO2@IONP, (3N) SiO2-NH2@IONP, (4) SiO2@UCNP,  and (4N) SiO2-NH2@UCNP obtained  from TEM and  number-based  hydrodynamic  diameters  derived
from DLS (see also Figs. S1–S4 in the ESM).
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determination of the stability of the fluorescent assay product, we
could guarantee a stable fluorescence signal for at least 3 h under
our assay conditions (Figs. S6–S8 in the ESM). Possible influences
of  size- and  material-dependent  scattering  of  the  targeted
aminated  NPs  and  possible  interferences  from  NP  absorption
and/or  fluorescence (Fig. 3(c) and Fig. S9  in  the  ESM) were
minimized  by  using  excitation (λex) and  emission  wavelengths
(λem) of  392 and 480 nm for  the  later  assay  readout.  In  addition,
plain  NPs  of  similar  size  and  core  composition  were  used  as
negative controls (Fig. 3(d) and Fig. S10 in the ESM).

Subsequently,  the  amount  of  surface  amino  FGs  of  the  four
aminated NPs shown in Fig. 1 was determined with the optimized
Fluram assay. An overview of the Fluram assay workflow and the
pipetting  scheme  including  assay  calibration  and  the  chosen
positive and negative controls is displayed in Fig. 2(c) and Fig S12
in  the  ESM.  The  automation  of  the  Fluram  assay  with  the
pipetting  robot  was  realized  for  step  2 (sample  preparation) and
step  4 (sample  transfer) of  the  assay  workflow (Fig. 2(c)).  The
relatively  simple  and  cost-efficient  pipetting  robot  used  in  this
study  by  one  scientist  was  chosen  due  to  its  self-explanatory
software  and  ease  of  programming.  This  allowed  for  the
straightforward customization of  the  pipetting  parameters  to  suit
the  specific  requirements  of  the  assay  by  controlling  volume,
speed,  and  mixing  of  the  sample  pickup  and  dispensing  with  a
motor.  Details  on  the  programming  of  the  pipetting  robot  are
provided  in  Section  S6.4  in  the  ESM.  All  automatically  and
manually  filled  microtiter  plates  were  then  readout  with  a
microplate  reader  in  fluorescence  mode,  following  an  automated
workflow  drafted  by  an  experienced  scientist.  This  scientist  was
also  responsible  for  the  analysis  of  all  assay  data  as  mentioned
before.  Subsequent  quantification  of  the  surface  FGs  on  the  four
aminated  NPs  was  achieved  with  the  aid  of  the  assay  calibration
curve,  recorded  for  the  reaction  of  fluorescamine  with  different
concentrations of EA.

This  provided  the  basis  for  correlating  the  fluorescence
intensities  measured  for  the  aminated  particles  to  the  amount  of
NH2 groups, thereby also considering the optical signals from the
negative controls. 

3.3    Comparing the  automated and manual  performance
of the Fluram assay
To  determine  relative  standard  deviations  and  batch-to-batch
variabilities  for  the  automated  Fluram  assay  shown  in Fig. 3,  the
assay  was  performed  on  three  different  days  with  two  separately
prepared  sample  sets (set1,  set2).  As  summarized  in Fig. 3(a),  all
assay  calibration  curves  showed  a  good  precision  with  values  in
the  range  of  the  systematic  error  of  the  pipettes  and  the  particle
measurements  resulted in  a  good comparability  between the  two
sample sets and the expected range of fluorescamine coverage on
the  particle  surface (<  27.5%  of  the  total  amount  of  amino  FG)
with  50  ±  9  nmol/mg (set  1) and  59  ±  11  nmol/mg (set  2) for
NanoChOp-01, 206 ± 33 nmol/mg (set 1) and 352 ± 42 nmol/mg
(set 2) for SiO2 NP-NH2 and 168 ± 28 nmol/mg (set 1) and 201 ±
22  nmol/mg (set  2) for  SiO2-NH2@UCNP,  independent  of
potential  influences  of  the  optical  properties  of  the  NPs.  With
values of 698 ± 21 nmol/mg (set 1) and 653 ± 20 nmol/mg (set 2),
only  SiO2-NH2@IONP  showed  a  higher  coverage  density  of
around 50%, even for the consideration of the optical properties of
the  IONPs  with  the  aid  of  a  correction  factor  derived  from
measurements with the unmodified SiO2@IONP. This could point
to a potential influence of the IONPs on the Fluram assay that will
be systematically assessed in the future.

For the Fluram assays manually performed by 11 scientists and
lab technicians with calibrated pipettes according to the previously
optimized  standard  operation  procedure (SOP),  the  scientific
background  and  pipetting  expertise  of  each  participant  were
specified  with  the  aid  of  a  questionnaire (see  for  mor  details  in
Section  S7  in  the  ESM).  This  allowed  for  a  more  specific
evaluation of the generated data. In addition, also information on
sample  preparation,  pipetting  technique,  and  possible  errors
observed  by  the  participant  during  pipetting  was  documented.
This  additional  information is  summarized  in  Figs.  S17–S21  and
Table  S2  in  the  ESM.  Thereby,  main  variations  in  assay  results
could  be  linked  to  uncertainties  of  the  pipetting  steps  as  the
systematic  errors  of  the  different  calibrated  pipettes  employed  in
this study varied depending on the pipetted volume, highlighting

 

Figure 2    Overview  of  the  methods  used  to  quantify  the  total  and  derivatizable  amount  of  amino  FGs. (a) Manually  performed  acid-base  back  titration  of  the
aminated NPs providing the total amount of amino FGs, here about 5.30–6.60 amino FGs per nm2. (b) Scheme of the reaction of fluorescamine with surface amino
FGs and estimated steric demand of the reporter on the NP surface; the footprint was estimated as the area of the smallest face of the oriented bounding box without
considering steric hindrances. (c) Workflow of the 5 step Fluram assay. Automation with a pipetting robot was done for step 2 (sample preparation) and step 4 (sample
transfer).
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the  importance  of  proper  pipette  adjustment  and  pipetting
technique  [42−44].  Also,  the  collected  additional  information  on
the operator provided first  hints  on the influence of  the operator
skills  and  training  on  the  accuracy  and  reliability  of  the  assay
results.

As revealed by the study outcome, assay precision and accuracy
considerably  varied amongst  the  participants  due to  the  different
performance in the sample preparation and sample transfer steps.
Other sources of uncertainty included the unintentional exchange
of  samples  or  the  lack  of  reactant  addition  as  shown  for  the
calibration curves in Figs. S13 and S14, and Table S1 in the ESM.
A  direct  measure  for  the  comparison  of  the  accuracy  and
reliability of the automated and manually performed Fluram assay
provides the coefficient of determination (COD) of the calibration
curves. While the usage of the pipetting robot yielded COD values
of  0.9938  and  0.9925  for  set1  and  set2,  for  the  manual  Fluram
assays  the  COD  values  varied  between  0.1994–0.9979  depending
on the experience of the participants (Fig. 4(a)). The results of the
positive  control  with a  known concentration of  L-valine  revealed
values in the range of the uncertainty of the pipettes for the robot
and  participants  10  and  11,  while  all  other  participants
overestimated  the  amount  of  fluorescamine  in  the  sample (Fig.
4(b)). The positive control was also used to assess the accuracy of
the results. The automated performance of the Fluram assay with
the pipetting robot resulted in small coefficients of variation for all
tested particles and yielded values below the estimated maximum
probe coverage (Figs. 4(c), 4(d), and 4(f)), that was comparable to
the result obtained from the experienced scientist (Fig. S15 in the
ESM).  Only  the  results  obtained  for  the  SiO2-NH2@IONP  were

higher (Fig. 4(e)).  The  results  of  the  manually  performed  assays
varied widely (Figs. 4(c)−4(f)).

As standardized optical  assays should have defined time limits
for  each  pipetting  step  to  ensure  data  consistency,  the  time
dedicated to the generation of the calibration curve and the filling
of  the  96-well  microtiter  plates (Fig. S16  in  the  ESM) were
recorded  by  each  participant.  The  calculated  total  time  included
the  pipetting  steps  and  the  time  required  for  assay  incubation.
This  time  frame  varied  between  64  to  125  min  amongst
participants.  Workflow  automation  with  the  pipetting  robot
ensured that each microtiter plate was prepared utilizing the same
amount  of  time,  here  69  and  72  min.  This  led  to  a  considerably
improved plate-to-plate and day-to-day data consistency. Thereby,
also  possible  influences  of  reagent  instabilities  could  be  easily
considered and circumvented. With simple automation, the hands-
on  preparation  time  of  the  Fluram  assay  could  be  significantly
reduced  from  an  average  of  79:23  min  to  10  to  15  min.  For  a
working  day  of  8  h,  6  assays  can  be  run  per  day  and  with  a
complete  automation  approach,  the  assays  can  be  principally
performed 24/7. 

4    Conclusion and outlook
The meanwhile  recognized importance  of  screening,  monitoring,
and quantifying surface FGs on nanoparticles for process, stability,
and  quality  control  as  well  as  for  an  improved  NP  performance
and  risk  assessment  requires  fast,  broadly  available,  and  cost-
efficient methods and validated workflows for the characterization
of  NP  surface  chemistry.  Here,  optical  assays  can  provide  ideal
tools  which  can  be  automated,  thereby  exploiting  the  expertise

 

Figure 3    Overview of the Fluram assay performed with the pipetting robot on three different days with two separately prepared sample sets (set 1 (S1), set 2 (S2)) by
one  scientist  to  determine (a) the  relative  standard  deviations  of  the  calibration  measurements (day  1  and  day  2/3  were  measured  with  different  batches  of
fluorescamine) and (b) the particle surface characterization. The mean results obtained for (1) NanoChOp-01, (2) SiO2-NH2@UCNP, and (4) SiO2 NP-NH2 revealed
lower amounts of  amino FGs compared to the estimated maximum values for  the reporter  coverage of  the particle  surface,  while  for (2) SiO2-NH2@IONP, higher
amounts were obtained. (c) Emission spectra of fluorescamine (black line; (λex = 392 nm)) and the aminated particles, shown exemplary for NanoChOp-01, SiO2 NP-
NH2, and SiO2-NH2@IONP as well as for EA after incubation with fluorescamine. (d) Emission spectra of the non-aminated NPs and l-valine used as positive controls
recorded after incubation with fluorescamine.
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from  already  largely  automated  areas  such  as  clinical  diagnostics
and  drug  development.  Although  such  assay  can  commonly  not
quantify  the  exact  coverage  of  FGs  or  their  total  number,  they
present  very  valuable  tools  for  quality  and  process  control,  the
determination  of  batch-to-batch  reproducibilities,  and  the
monitoring of particle stability and aging.

To  highlight  the  potential  of  simple  automation  tools  such  as
pipetting robots in combination with optical assays for surface FG
analysis  on  nanomaterials,  we  exemplarily  explored  the
quantification of amino surface FGs on different types of broadly
utilized  NPs,  varying  in  size,  chemical  composition,  and  optical
properties,  with  the  Fluram  assay  relying  on  the  chromogenic
reporter  fluorescamine.  The  comparison  of  the  assay  results
obtained by automated and manual pipetting steps and automated
assay readout underlined the advantages of automated workflows
for data accuracy, data consistency, and speed of analysis also for
surface group quantification. Given the provided insights into the
expertise,  experimental  skills,  and  training  of  the  11  study
participants,  also  typical  human-related  sources  of  uncertainty  in
pipetting steps and assay performance could be revealed that can
be elegantly circumvented by automation. This, however, requires
proper validation of the instrumentation including hardware, e.g.,
pipettes for pipetting robots, and software.

This  first-time  simple  and  cost-efficient  automation  of  an
optical  assay for quantifying surface FGs on broadly utilized NPs
and its comparison with the results of manual assay performance
highlights  the  huge  automation  potential  in  the  area  of
nanotechnology.  This  can  be  further  advanced  by  exploiting
different automation tools developed for other fields of application
and  can  pave  the  road  to  produce  large  data  sets  for  assessing
sustainable  and  safer  by  design  approaches  and  particularly  for
nanomaterial  grouping  for  nanomaterial  risk  assessment  and
functionality studies.  In the future, we will  assess the applicability
of  the  automated  assay  workflow  for  different  types  of
nanomaterials, thereby also deriving requirements on negative and
positive  controls,  and  expand  this  concept  to  other  FGs  and
optical reporters. Also, other methods for surface characterization
such as zeta potential  measurements and pH titrations should be
easily accessible to automation. 
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