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Abstract Capillary electrophoresis (CE) is considered as a
versatile technique in the size-based separation and speciation
of nanomaterials. The electrophoretic mobility is determined
by charge and size of an analyte which are affected by the
surface composition of nanomaterials. Size-dependent differ-
ential electrophoretic mobility is used as a mechanism for
size-based separation of nanoparticles. Understanding the ef-
fect of surface chemistry on the electrophoretic mobility of
nanomaterials in CE is critical in obtaining accurate results
in retention-based size calculation. A suite of gold nanoparti-
cles (NPs) varied in sizes with different coatings, including
citric acid (CA), lipoic acid (LA), tannic acid (TA), polyvinyl-
pyrrolidone (PVP), polyethylene glycol (PEG), branched
polyethyleneimine (BPEI), and bovine serum albumin
(BSA), were selected to evaluate their impact to the migration
pattern of gold NPs. Additionally, surface-coated gold NPs
dispersed in Suwannee River humic acid (SRHA) solution
and fetal bovine serum (FBS) were used to investigate the
matrix effect. It was found that the correlation between NP
size and relative electrophoretic mobility is highly dependent
on the capping agents. The matrix component in the SRHA
solution only exhibited limited influence to the migration of
NPs while electrophoretic behaviors were drastically altered
in the presence of FBS matrix.
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Introduction

The recent developments of nanotechnology and their appli-
cation in consumer products have raised concerns about the
safe use of nanomaterials [1]. Although the chemical compo-
sition of nanomaterials may not be significantly different from
bulk materials, a series of physicochemical properties of
nanomaterials and their interactions with the biological sys-
tems are dramatically changed due to the reduced size [2].
Currently, risk assessment of a material is generally based on
its chemical composition while the physical properties are
often ignored [3]. Consequently, it may generate caveats when
we try to rely on existing knowledge of a material to perform
risk assessment of a nanomaterial which has the same chem-
ical composition of the bulk ones. A comprehensive charac-
terization is needed to acquire inclusive information of
nanomaterials.

For nanomaterial characterization, size is one of the most
crucial metrics because it determines the physicochemical
properties of a nanomaterial and their adsorption, distribution,
metabolism, and excretion in the biological systems [4, 5].
Therefore, many techniques such as dynamic light scattering
(DLS), electron microscopy, and spectroscopy methods have
been developed to obtain insightful characteristics of
nanomaterials [6—8]. Many of these techniques, however,
have encountered different levels of difficulties when dealing
with multi-model systems (i.e., highly polydispersed
nanomaterial). The results are either biased towards the size
of larger particles in population or require a large amount of
time and work to achieve sufficient confidence [7, 9].
Recently, characterization methods featuring tandem
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instruments including a separation stage (e.g., liquid chroma-
tography) and detection step (e.g., DLS) have drawn consid-
erable attention [10—13]. It has been demonstrated to be an
effective way in handling nanomaterials with broad size dis-
tribution. In the separation stage, nanomaterials migrate at
different speeds based on size-related properties and are eluted
at different times. Multiple detectors that are coupled to the
separation stage can then collect the elution profiles, and size-
related information can be acquired [14].

A common practice in the tandem method is to use highly
uniform well-characterized nanoparticles (NPs) as standards
to establish a size-based calibration curve. The sizes of un-
knowns can be then determined by performing the measure-
ment under identical conditions [15]. Soto-Alvaredo and his
group used gold NP to identify the elution position of silver
NPs using a reversed-phase liquid chromatography system
[11]. Mudalige and coworkers developed an asymmetric flow
field-flow fractionation coupled with inductively coupled
plasma mass spectrometry (AFFFF-ICPMS) method using
gold NP standards to build a calibration curve and analyze
commercial dietary supplements that contain nanomaterials.
Their results demonstrated that the determined sizes were well
matched with TEM results [15]. Gray et al. compared AFFFF
and hydrodynamic chromatography in the separation and
characterization of gold NPs. They suggested that, in both
methods, NP size is correlated with the retention profiles
[16]. A limitation that strongly restricts the use of such an
approach is the lack of NP standards. For example, the
National Institute of Standards and Technology (NIST) only
released three types of particle standards, which are citrate-
coated gold NP with a nominal size of 10, 30, and 60 nm;
polyvinylpyrrolidone-coated silver NPs with a nominal diam-
eter of 75 nm; and polystyrene spheres with multiple choices
in size [17]. In the separation stage of the tandem method,
multiple physicochemical properties determine the migration
speed of a NP. For example, in AFFFF, the retention of a NP
can be correlated to its hydrodynamic radius [12, 18, 19].
However, NPs of different compositions may not have the
same channel behavior even if their hydrodynamic size is
similar [20]. This is mainly due to the differences in surface
chemistry of a NP which defines its charge density, polarity,
and hydrophobicity. Therefore, careful investigations are re-
quired if one type of NPs is used as a standard to characterize a
different type.

Previously, we have developed a method based on capillary
electrophoresis (CE) coupled with ICPMS to separate and
characterize citrate-coated gold NPs [21]. It has been demon-
strated to be a high-resolution technique in obtaining size-
related information. The goal of this study was to investigate
the surface coating and matrix effect on the migration behav-
ior of gold NPs in CE and evaluate the applicability of de-
volved methodology for the analysis of nanoparticle in com-
plex matrix. Several common surface coatings were selected
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due to their varied structure, molecular weight, and charge.
These surface coatings include citrate acid (CA), polyvinyl-
pyrrolidone (PVP), lipoic acid (LA), tannic acid (TA), poly-
ethylene glycol (PEG), branched polyethyleneimine (BPEI),
and bovine serum albumin (BSA). Serum and solution con-
taining natural organic matters (NOMs) were chosen to repre-
sent the commonly encountered matrices in biological- and
environmental-related studies that involve NPs. Capillary
electrophoresis is well known to have a run-to-run variation
in retention time due to various factors including relaxation
effect in sample plug at early stage of the run [22]. To mini-
mize the run-to-run variation, we use a nanoparticle mobility
marker and calculate the relative electrophoresis mobility in-
stead of absolute values.

Materials and methods
Materials

Cyclohexylaminoethane sulfonic acid (CHES, 99.9 %) and
sodium dodecylbenzenesulfonate (SDBS, 97.5 %) were
purchased from MP Biomedical (Carlsbad, CA, USA).
Potassium hydroxide pellets (>85 %), nitric acid (68-70 %,
Optima ultra-pure grade), BSA-lyophilized powder, and fetal
bovine serum (FBS) were acquired from Fisher Scientific
(Waltham, MA, USA). 2-Propanol (TraceSELECT,
>99.9 %) was purchased from Sigma-Aldrich (St. Louis,
MO, USA). Suwannee River humic acid (SRHA) was pur-
chased from the International Humic Substance Society
(Denver, CO, USA). All chemicals were used as received
without further purification. CdSe/ZnS quantum dots (QDs)
(Emax =665 nm) with carboxylic acid surface groups were
purchased from Ocean NanoTech (Springdale, AR, USA).
Before use, QDs (4 nM) were washed with deionized water
and spin filtered three times to eliminate leached metal ions
from QDs and other chemical residues. The purified QDs
were then redispersed in water, and the solution was diluted
15-fold. CA-coated gold NPs of 5, 15, 20, 30, and 60 nm were
purchased from Ted Pella (Redding, CA, USA). Gold NP
suspensions (5, 15, 20, and 30 nm) stabilized by LA, TA,
PEG, PVP, and BPEI were acquired from nanoComposix
(San Diego, CA, USA) and stored at 4 °C in the dark.
According to the manufacturer, a 5-kDa monodentate mPEG
thiol is used to prepare PEG-coated gold nanoparticles. The
molecular weight of PVP and BPEI ligands is 40 and 25 kDa,
respectively.

BSA-coated gold NPs were prepared from CA-coated NPs
[23]. Specifically, CA-coated gold NPs (approximately
50 mg kg ' of gold as claimed by the manufacturer) were
mixed with 5 mg mL™" of BSA solution and incubated over-
night. Then, solutions were centrifuged and supernatants were
discarded. The solid part was redispersed in water to reach an
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approximate concentration of 50 mg kg ' of gold. The exact
concentration is not important as it will not affect the migra-
tion behavior in the CE. Deionized water (>18 MQcm ) from
a Milli-Q system (Millipore, Billerica, MA, USA) was used
throughout the experiments.

NPs in matrices

The matrix effects on the electrophoretic behavior of NPs
were studied by analyzing the surface-coated gold NPs in
NOM and FBS solutions. NOM solution was prepared by
dissolving SRHA in deionized water to a concentration of
40 mg L' of total organic carbon (TOC). The solution was
stirred for 24 h in the dark and filtered through 0.2-um
polytetrafluoroethylene membrane filters. NPs with different
surface coatings were diluted five times with a matrix solution
and allowed to incubate overnight. The final TOC
concentration is 5 mg L™' C. This concentration is
commonly found in a river water system and is also
frequently adopted for the investigation of NP aggregation
in a NOM matrix [24-26].

Instrumentation

CE separation was performed on a 7100 Capillary
Electrophoresis system (Agilent Technology, Santa Clara,
CA, USA). Fused-silica capillaries with polyimide external
coating (i.d. 50 um; o.d. 360 wm; length 60 cm) were obtained
from Molex (Phoenix, AZ, USA). A new capillary was initial-
ized by flushing with 0.1 N NaOH for 30 min and background
electrolyte (BGE) for 30 min, followed by rinsing with water
for 5 min. The capillary was conditioned each day before use
with 0.1 N NaOH for 15 min, BGE for 15 min, and water for
3 min. Between each run, the capillary was rinsed with water
for 60 s and then equilibrated with 0.1 N NaOH and BGE for
3 min, respectively. Samples were hydrodynamically injected
at 30 mbar for 15 s followed by an injection of BGE at 15 mbar
for 10 s. The temperature of the cartridge was set at 23 °C
(ambient temperature), and the applied voltage for the separa-
tion was 30 kV. The interface between CE and ICPMS (Agilent
7700%, Agilent Technology, Santa Clara, CA, USA) was set up
according to our previously reported method with modifica-
tions [27]. Briefly, the outlet of the capillary was directly con-
nected to a Mira Mist CE nebulizer (Burgener Research, Inc.,
Mississauga, Ontario, Canada). A solution containing 1 %
HNO; (v/v) was introduced to the nebulizer as a sheath liquid
through a platinum tubular electrode by a syringe pump at an
infusion rate of 13 uL min . An insulated copper wire with a
crocodile clip head was used to connect the cathode in CE to
the platinum electrode. ICPMS was operated under no gas
mode, and mass isotopes 197Au and "''Cd were monitored.
Details of the operation conditions are listed in Table 1. The
pH value of the BGE was adjusted by adding 1 N NaOH and

Table 1 CE/ICPMS operating parameters

CE parameters

Capillary Polymer-coated fused silica capillary, i.d.
50 pm, o.d. 360 pm, length 60 cm
BGE CHES 10 mM, SDBS 70 mM, pH 10

Makeup solution 1 % HNOs3 and 10 % 2-propanol in water
30kV
23 °C

Hydrodynamic, 30 mbar, 15 s

Voltage
Temperature
Sample injection

ICPMS parameters

RF power 1500 W
Sample depth 8.0 mm
Plasma gas 15.0 L min'
Carrier gas flow 1.05 L min~'
Makeup gas flow 0.50 L min""
Monitored isotope 7Aq, Mcd
Nebulizer Mira Mist CE

measured with an Orion Star A214 pH meter (Thermo
Scientific, Waltham, MA, USA). Before the analysis, samples
were diluted five times with BGE and incubated for 1 h. Then,
5 uL of QD solution was added to the sample vial and 5 s of
vortexing was applied to mix the samples. The hydrodynamic
sizes were measured with a Malvern Instruments
(Worcestershire, UK) Zetasizer Nano ZS dynamic light scatter-
ing system. ¢ potentials were determined with a Wyatt
Technology Mdbiu( light scattering instrument with
Dynamics software (Santa Barbara, CA, USA). For simplifica-
tion, ¢ potential values were automatically calculated using the
Smoluchowski model for all NPs.

Results and discussion
Surface coating effect

The electrophoretic mobility (pen,) of a particle can be de-
scribed by the Henry equation [28]

fon = 52 () 1)
where ( is the zeta potential,  is the dielectric constant, £ is the
permittivity of vacuum, 7 is the solution viscosity, « is the
Debye parameter, and « is the particle radius. Here, the value
of f{ka) varied between 1 and 1.5. Inorganic NPs (gold NP in
this case) are commonly coated with a layer of organic mole-
cules to gain colloidal stability in aqueous solution. A wide
array of ligand molecules have been developed and identified
as useful capping agents for NP stabilization. These molecules
varied in sizes (i.e., molecule weight) and bear different func-
tional groups such as carboxyl, amine, and hydroxyl groups,
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which, in turn, shape the surface chemistry of NPs. Therefore,
NPs with the same core but different surface coating may ex-
hibit a completely different behavior in CE. It should be noted
that under current experimental condition, neither
Smoluchowski nor Hiickel approximation is suitable in de-
scribing the nanoparticle investigated in this study [29].
Directly relating experimental parameters to established theory
is difficult [30]. Here, we focused our discussion on observed
results under varied experimental condition rather than theoret-
ical explanations. Gold NPs with seven different coatings were
analyzed by CE under alkali BGE conditions. As shown in
Fig. 1, even with the same core size, the migration behaviors
are varied significantly among the different coatings.

Relaxation effect of the potential gradient is another factor
that can affect the electrophoretic mobility [22]. In this case,
deferential potential gradients are generating along the sample
plug and the rest of capillary filled with running buffer in the
initial stage of analysis, and gradually equilibrate with prog-
ress of the run. This also causes a run-to-run variation in the
calculated electrophoretic mobility and electroosmotic flow.
Therefore, polymer-coated QDs were used as an electropho-
retic mobility marker to compensate the run-to-run variation
of electroosmotic flow (EOF). A QD mobility marker did not
cause any effect on electrophoretic mobility and provided
concept for the independent calculation of relative electropho-
retic mobility in our previous study [21]. Relative electropho-
retic mobility (p,) is expressed as [21]

Py = Han™Hee = (:uan + EOF)_(Mrf + EOF)
= Han-apparent” Mr f-apparent (2)

where Han> Han-apparent, Hrf> and Hrf-apparent aI€ the eleCtrOphO'
retic mobility and apparent mobility of the analyte (i.e., gold

NPs) and the reference mobility marker (i.e., QDs) respective-
ly. As shown in Figs. 1 and 2a, CA-coated gold NPs of 5, 15,
20, and 30 nm were well separated and their y, followed a
linear relationship with the size of the particles. Liu and Wei
[31] also observed a similar phenomenon and proposed that
for separation of gold NPs.

Hem™T (3)

When using the relationship described in Eq. (3), surfactant
molecules such as sodium dodecyl sulfonate (SDS) are com-
monly added to the BGE to assist the analysis. Evidences have
suggested that the hydrophobic chain of SDS is able to be
adsorbed to the gold surface and form a monolayer, which
facilitate the separation [31-33]. Because it is difficult to de-
termine the surface charge of a coated NP due to the shielding
by the diffuse layer, a ¢ potential is commonly serves as an
indicator of such property. As shown in Table S2 (see ESM), ¢
potential values of CA-coated NPs gradually increased with
the size, suggesting that larger NPs carry more negative
charges when dispersing in BGE. Our previous studies also
confirmed the existence of this relationship, and we further
proposed that the surfactant SDBS, an analog of SDS, can
interact strongly with gold surface and offer an enhanced
size-based separation in CE, compared to a SDS-based system
[21]. In addition to the interaction with nanoparticle surface,
surfactant molecules can also modify the EOF by altering the
BGE viscosity and by interacting with the capillary walls.
Therefore, the migration change can be a combined effect of
change in the 1, and EOF. In order to further verify the critical
role of SDBS in the separation process and demonstrate the
existence of the interaction between surfactant molecules and
NPs, we have analyzed gold NPs in the BGE without SDBS
while keeping all other conditions unchanged. As shown in

Fig. 1 (a), (b) Electropherogram a b
of gold NPs with different surface
coatings. (Separation conditions: 3 15 30
SDBS, 70 mM; CHES, 10 mM; 5
pH 10.0; and voltage, 30 kV). 20
Nanoparticles with different - 30 ~ 15
surface coatings were g CA 3 PVP
individually injected and = 5 = 30
analyzed by the CE-ICPMS = = 151 ,5 20f)
method, and the g S 20 n
electropherograms of E 15 E OO i)
nanoparticles of different sizes = =
with the same coating material Slia 30 % PEG
were plotted together in a graph n 5 7} :
20
20 30 15
0
15
TA BPEIL . h
0 5 10 15 0 5 10 15
Time (min) Time (min)
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Fig. 2 (a), (b) Surface coating a
effect on the electrophoretic o'k
behavior of surface-coated gold =
NPs. Relative electrophoretic 1.0x107
mobilities were plotted as a s.ox10°k
function of the diameter B
“g  6.0x10°F
Q <
=5 4.0x10°F
2.0x10°
0.0f
-2.0x10°

T T
5 10 15 20
Diameter (nm)

Fig. S1 (see ESM), in the absence of SDBS, gold NPs of
different sizes coated with CA presented limited separation.
NPs of 15, 20, and 30 nm were almost co-eluted, indicating
that CA coating itself was unable to generate enough of a
difference in e, when compared to SDBS which would re-
sult in sufficient separation among the different sizes. It should
be noted that the ionic strength of the BGE with surfactant is
considerably higher than the one without, which also contrib-
ute to the change of e,

Similar to CA, TA-coated gold NP (Fig. 2a) also demon-
strates a linear relationship between particle size and p, with
good correlation (R*=0.997). Both CA and TA rely on the
carboxyl groups to be physically adsorbed to the gold NP
surface. This type of adsorption is relatively weak, and the
ligand can be easily replaced if another type of molecule with
stronger interaction with the gold surface is present. The re-
sults suggested that the original CA or TA coating can be
replaced by SDBS because of the high concentration of
SDBS (70 mM) in the BGE and its strong hydrophobic inter-
action with the gold surface. The critical micelle concentration
value of SDBS is 1.28 mM [34]. However, it is noticed that
the slope values of the correlation for CA and TA are different,
suggesting that the magnitude of ligand replacement is differ-
ent. Although it is difficult to determine the exact surface
coverage of SDBS on a gold NP surface, we believe that the
bulkiness of TA, hydrophobic nature of the aromatic ring
structure, and its multiple interactions with the gold surface
molecule may hamper the ligand exchange process, resulting
in a different surface composition from CA-coated gold NP.
For LA coating (Fig. 2a), the ligand molecules are attached to
the gold surface through a covalent S—Au bond. In this case,
surfactant molecules interact with the LA ligand layer instead
of directly replacing the original coating, which contributed to
the nonlinear correlation profile. It is worth mentioning that
the ( potential values of both TA- and LA-coated NPs follow-
ed a similar trend to CA-coated NPs, which further support
relationship described in Eq. (3).

For NP stabilization, polymer-based ligand molecules are
usually preferred over small molecules because they can offer

5 8.0x10°
= CA = PVP e PEG 4 BPEI
e LA
A TA 6.0x10° =
4.0x10°F
w
>
& 5
g 2.0x107 |
Q
= 0.0f
-2.0x10° F
-4.0x10° |
T T T T T T T T
25 30 35 0 5 10 15 20 25 30 35

Diameter (nm)

stronger ligand-particle interaction due to their multi-dentate
style of binding. Additionally, the polymer layer can provide
steric repulsion which further enhances nanoparticle stability
in different dispersing conditions. From Fig. 2b, it is very clear
that polymer-coated gold NPs presented a completely differ-
ent set of behaviors in CE than did small molecules. For PVP-
and PEG-coated particles, j, has negative values, indicating
that these NPs moved slower than the mobility markers during
the analysis. It should be noted here that because both mobility
marker, i.e., QDs with carboxyl group, and gold NPs coated
with PVP and PEG carry a negative charge under the current
BGE conditions (pH = 10), all NPs in the capillary, including
QDs, should have an i, towards the anode side. Therefore,
the results indicated that larger particles with a PEG or PVP
coating showed a smaller magnitude of i, than the smaller
particle with the same coating. Both PEG and PVP coatings
only render limited negative surface charges to the NPs, and
the polymer layer may also limit the attachment or adsorption
of SDBS to the NP surface. We proposed that the assumption
that NPs with larger diameter carry more surface charge be-
cause of the increased surface area for ligand molecules may
not be viable under this circumstance. The results from ¢ po-
tential measurement (ESM Table S2) confirmed our theory,
where gold NPs coated with PVP and PEG exhibited very
small changes among the different sizes. Consequently, other
factors such as the diameter of the NP may have a stronger
influence on the i, for PEG- and PVP-coated NPs when
dispersed in the SDBS containing BGE. It is interesting that
NPs coated with cationic BPEI polymer display similar be-
haviors to the ones coated with small negatively charge li-
gands. BPEI contains numerous amine groups and is strongly
positively charged in aqueous solution at neutral pH. Under a
strong alkali condition, amine groups are deprotonated and the
surface charge is minimized which can cause reduction in
separation among the different sizes. As shown in Fig. S2
(see ESM), the results agreed with our assumption that with-
out adding SDBS, BPEI-coated NPs were poorly separated.
When SDBS was added, p, followed an almost linear relation-
ship from 5 to 20 nm with the size of the NPs. The ( potential
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values also increased gradually with the particle sizes from 5
to 20 nm and exhibited only a small change when NP size was
further grown to 30 nm. This result suggested that there was a
strong interaction between the SDBS and BPEI coating,
which allowed the surfactant to mask the original surface
charges. The linearity of the correlation was not extended to
30 nm, which can be attributed to the insufficient increase in
the negative surface charge arising from SDBS compared to
the growth of the NP size.

Many studies have reported the formation of a protein co-
rona on the gold NP surface and suggested the adsorption can
be very stable due to multi-point interactions or the exposed
thiol group of the cysteine residue [35-37]. We selected BSA
to study the migration behavior of gold NP with a protein
coating. As shown in Fig. 3, the y, values were negative and
very close for all sizes in this study. Proteins are known to
carry both positively and negatively charged functional
groups such as carboxyl and amine groups. The results sug-
gest that when the protein corona is formed, the migration of
the particle is largely based on the migration of the adsorbed
proteins, such that changes in the diameter of the particle have
no significant impact on the mobility.

Matrix effect

The matrix effect on the electrophoretic behavior of NP in the
capillary electrophoresis is studied by analyzing the surface-
coated NPs in the river water simulant and serum. With the
growing use of nanotechnology in manufacturing processes of
consumer products, there is a sharp increase in the release of
nanomaterials to the environment. Carefully characterizing
the nanomaterials will assist in the study of their transport,
fate, and impact on the environment. DLS was used to mon-
itor the colloidal stability before and after incubation of NP in
the NOM matrix. It has been reported that the NOM can be

8x10°f - = BSA
e CA
6x107F -
4107k -
[7,}
~\> 2x107
<ok
£ =
Q
= o
2x10°F
-4x10°F
x
- = x
-6x10 T T T T T T
0 10 20 30 40 50 60
Diameter (nm)

Fig. 3 Relative electrophoretic mobility as a function of the diameter of
gold NP with BSA coating
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adsorbed to the surface of NPs and influences their stability.
From ESM Table S1, NPs of all sizes with varied surface
coating in this study showed an increase in the hydrodynamic
size which can be attributed to the adsorption of NOM to the
NP surface. Stankus and coworkers reported that NOM is able
to interact with gold NPs regardless of the capping agents,
even for PVP, which is a type of ligand that is frequently used
to render strong colloidal stability of NPs [24]. The increases
of hydrodynamic size for 15-, 20-, and 30-nm gold NP are
relatively small, suggesting that the magnitude of the interac-
tion is limited. For 5 nm, however, the change is more signif-
icant compared to bigger particles. This can be explained by
the higher surface curvature of very small particle, which re-
stricts the surface coverage of capping ligand resulting in less
resistance to the adsorption of NOM. Nonetheless, no aggre-
gation was observed for NP dispersed in the NOM matrix.
Samples were then analyzed by CE-ICPMS. From the elec-
tropherogram (Fig. 4a, b), gold NPs that are capped with small
ligand molecules including CA and TA exhibited a marginal
decrease in the p, compared to the one with water as a matrix
while the change was negligible for LA-capped NPs (Fig. 4c),
suggesting that the NOM matrix did not significantly interfere
with the CE analysis. Our study also indicated that SDBS, an
analog of SDS, can interact strongly with gold surface and
offer an enhanced size-based separation in CE compared to a
SDS-based system. Therefore, it is reasonable to believe that
for gold NPs that are stabilized with small ligands, the SDBS
surfactant in the BGE is either able to directly replace (in the
case of ligands that rely on physisorption such as carboxyl
groups of CA and TA) or interact (LA-coated NP) with the
coating, which effectively masks or eliminates the adsorption
of NOM. For polymer coatings, the effect of NOM was not
obvious on PEG- and PVP-coated NPs (Fig. 4d, e), as evi-
denced by the small changes in the 1. A stronger matrix effect
of NOM can be observed in samples with BPEI coatings
where p, of all sizes exhibited a decrease with similar magni-
tude (Fig. 4f). This can be attributed to the adsorption of NOM
to the BPEI coating, which interferes with the anchoring of the
SDBS surfactant to the NP surface.

The matrix effects related to the adsorption of biological
molecules on the migration of surface-coated gold NPs in CE
were studied. FBS is an excellent candidate for the investiga-
tion because it contains not only a wide array of chemical
substances, including proteins, electrolytes, and hormones,
but it also has very high ionic strength which can be detrimen-
tal to NP stability. DLS was first used to monitor if any ag-
gregation occurred after dispersing gold NP in the serum. As
suggested by the results in ESM Table S1, for all six different
coatings, there was no detectable aggregation. Because FBS
contains a variety of proteins and antibodies, it is expected that
these molecules in the serum can replace weakly adsorbed
ligand such as CA and TA. From the electropherogram
(Fig. 5), we see a drastic change in the migration behavior as
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Fig. 4 (a)—(f) NOM matrix effect on the electrophoretic behavior of surface-coated gold NPs. The relative electrophoretic mobilities in water (black
square) and SRHA solution (red circle) are plotted as a function of the diameter

compared to the NPs with the original coating. For the small
ligand-coated NPs (CA, LA, and TA), y, of all coatings had
very similar values and only showed a small fluctuation for
the entire size range. It is worth mentioning that this behavior
was very similar to the results observed for BSA-coated NPs,
suggesting that protein molecules covered a significant por-
tion of the NP surface. Compared to small ligand coatings,
polymer coatings usually offer higher stability. As shown in
the electropherogram, PVP and BPEI coatings did not present
a strong resistance to the matrix component in FBS, and the

correlation between the size and p, for the original coatings
diminished. For PEG coating, the values of y, for 15, 20, and
30 nm in FBS are almost the same as the NPs in water solu-
tion. The results agreed with the literature reports that PEG is
effective in enhancing the blood circulation time of
nanomaterials by reducing protein-particle interactions. NPs
of 5 nm with PEG coating, however, exhibited a different s,
value. This could be attributed to the large surface curvature of
small NP, which resulted in insufficient protection from the
ligand and increased particle-matrix interaction.

@ Springer



986 H. Quetal.
= CA e FBS-CA = LA e FBS-LA
8.0x107F = 8.0x10°F =
E 3
4.0x10°F - 4.0x10°F
@ »n
2 >
Az = o -
5 0.0k £ 0.0k
= =" -
-4.0x10°F -4.0x10°F
-8.0x10°F = - -8.0x10°F >
= e - .
T T T T T T T L T T T T
0 5 10 15 20 25 30 3 0 5 10 15 20 25 30 35
Diameter (nm) Diameter (nm)
c ) [[a TA e FBS-TA| d 0.0k - = PVP e FBS-PVP
12x10°F = ¥
8.0x10°F
= 2.0x10°F
14 i x
Z a0 2
=] & o
S s -40x107F x
£ 0.0k - <
=5
-4.0x10°F -6.0x10°F
= - * K3
i sL - |
80x10 v -8.0x10°F T
T T T T T T T T T T T T
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Diameter (nm) Diameter (nm)
00 = [ = PEG e FBS-PEG] 8.0x10°F = BPEl e FBS-BPEI
-1.0x10°F I [
6.0x10°F .
2.0x10°F
S % L @ 5 L .
z x 2 40x10°F [}
S y =
£ -3.0x10° = .
9 S
= o =5 2.0x107F ®
-4.0x107F
-5.0x10°F 0.0F
-
J -
-6.0x10° suait ¥
T T T T T T T T T T T T
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

Diameter (nm)

Diameter (nm)

Fig. 5 (a)—(f) FBS matrix effect on the electrophoretic behavior of surface-coated gold NPs. The relative electrophoretic mobilities are plotted as a

function of the diameter of gold NP

Conclusion

We have performed a systematic study to investigate the elec-
trophoretic behavior of gold NPs in CE. The results suggested
that there was strong interaction between the surfactant mole-
cules and the NPs. The magnitude and effect of the interaction,
however, is highly dependent on the surface composition of the
NPs. The pi, of NPs with small molecules as ligand in this study
were positively correlated with NP diameter, and the correla-
tions are linear for CA and TA coatings. Negative correlation
was found for PVP and PEG coatings which can be attributed
to the limited surface charge offered by these two ligands. The
cationic polymer BPEI exhibited similar migration behavior as
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CA- and TA-coated NPs, suggesting SDBS interacts with the
coating and masks the original charge. For BSA coating, the
results indicated that a protein corona was formed on the gold
surface, minimizing the difference in charge-to-size ratio
among samples, which resulted in a small fluctuation in i, for
the sizes being studied. For environmental matrix effect, the
NOM in the SRHA solution did not largely alter the migration
behavior of gold NP. It can be explained by the strong adsorp-
tion of SDBS to the particle surface which effectively reduced
the influence of NOM. However, the surfactant was unable to
eliminate the matrix effects associated with a complex biolog-
ical matrix like serum. The correlation p, with NP size in the
serum is similar to gold NPs with BSA coating, indicating that
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protein molecules adsorbed to the gold surface and masked the
characteristics of the original coating. The results from this
study highlighted the necessity to establish size calibration by
using surface coating and matrix-matched standards to obtain
accurate size-based characterization for unknown samples.
Further development is underway to evaluate the possibility
of simplifying the method which allows for the use of reduced
numbers of standards to generate a generalized calibration for
multiple NPs.
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