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The development and optimization of a versatile analytical system for the speciation analysis
of metal-containing nanoscale materials in blood serum is reported herein. Based on
capillary electrophoresis (CE) interfaced with inductively coupled plasma mass spectrometry
(ICP-MS), the method was shown feasible to investigate the interactions between serum
proteins and gold nanoparticles of potential medicinal use, which are first and foremost
occurrence upon their entering the circulatory system. To improve the separation resolution
between the intact nanoparticles and different protein conjugates, the CE system was
optimized with emphasis on compatibility with physiological conditions, avoiding aggregation
effects, and analyte recovery. Optimization allowed also for acquiring the acceptable figures
of merit such as migration time and peak area precision of 1.0-6.4% and 2.4-6.9%,
respectively, detection limits in the range of 0.8-1.0 ug L™" Au, and capillary recoveries on
the order of 86—97%, depending on nanoparticle size and conjugate type. We sytematically
investigated the role of size in mediating protein adsorption to gold nanoparticles in real-
serum environment. At the initial stage of surface coating, the speciation of smaller particles
(5 and 10 nm) was found to be dominated by albumin, transferrin (both in apo- and holo-
form) playing the secondary role in developing the protein corona. For 20 and 50 nm
nanoparticles, the contribution of transferrin is initially comparable; however, with time it
becomes replaced by albumin. The time of attaining equilibrium adsorption is also a function
of particle size but for the whole size range investigated, albumin is the only equilibrium
binding partner. These principal findings prove that for metal-based nanomaterials in general,
serum protein conjugates could be variable in composition in dependence to protein
abundance and binding affinity, as well as the residence time in the bloodstream.
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Introduction

Among various nanoscale materials that are intended for medicinal use, metal-based
nanomaterials (MBNs) have gained perhaps the greatest attention in the last few years.'” A
wide range of new types of MBNSs, having diagnostic or therapeutic functions (or both),
continue to be created. Indispensably, each new MBN is to be evaluated with regard to issues
of biocompatibility, toxicity, metabolism, distribution, cellular uptake, targeting, efc. before in
vivo biomedical application. It is important to understand that regardless of the type and
specific application, MBNs are administered intravenously. Therefore, blood circulatory
system is a locus where the story of losing the original, synthetic identity and confronting
biotransformations begins. Above all, interactions with plasma proteins give the MBN a new,
biological identity3 and thus significantly influence many properties and the biological
response of MBN and dictate its behavior in vivo.*®

Several analytical methods have been proposed for the characterization of MBN-—
protein interactions, identifying the contents of the protein corona formed on the MBN
surface, and understanding the speciation alterations in vivo.”®* Of these methods, our choice
here fell on capillary electrophoresis (CE) due to its proven record in biospeciation analysis.’
Furthermore, as follows from a recent review in this journal,10 the benefits of mild, species-
friendly separation conditions, high degree of resolution, and acceptable tolerance to
proteinaceous samples paved the way for CE as a direct probe to study the protein binding of
MBNs, mostly nanoparticles. One of few disadvantages of CE in this application area,
insufficient sensitivity, can be overcome by employing inductively coupled plasma mass
spectrometry (ICP-MS) as detection method. Not only a highly sensitive and specific signal
for many core/shell metals comprising MBNs, but also simultaneous monitoring of non-
metals and often metals being a part of proteins is afforded by ICP-MS.'' 3

Some of favorable analytical features of CE-ICP-MS were demonstrated in current
research mostly focused on gold nanoparticles. Lin et al.'* used gold nanoparticles as a tag to
quantify albumin in human urine samples. Franze and Engelhard" and Qu et al.'® adopted the
combined method of interest for the characterization of dietary supplement products,
containing as ingredients Au, Pt, and Pd nanoparticles. Most recently, Matczuk et al. have
undertaken a study on assessing the quantitative performance of CE-ICP-MS.!” A remarkable
detection limit for gold nanoparticles of 2x10""° M was attained after system optimization

directed toward its application to biological samples.
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With this in mind, we figured gold nanoparticles as a rational starting point for
developing a fitting CE-ICP-MS methodology to systematically assaying the speciation of
MBNs in human serum and possible alterations in speciation on the way from the point of
administration to the cell. Another rationale behind the choice of gold nanoparticles was their
commercial availability in a well characterized state and promise for multifunctional
biomedical applications (multimodal diagnostic systems, targeted drug delivery, photothermal
treatment of cancer)."™'® While ICP-MS detection of Au presented no challenge, various
factors were explored to maintain system compatibility with the protein-rich samples,
preserve nanoparticle stability, and optimize the separation conditions. The developed method
was first tested by using gold nanoparticle mixtures with individual serum proteins to
demonstrate the accuracy and to enable identification of the protein conjugates in real
samples. The recognition task was facilitated by simultaneous recording of '*’Au, *’Fe, and
343 isotopes. The method practicability was further established by analyzing nanoparticles of
different (but distinct) size exposed to human serum via ex vivo incubation. The fact that the
interaction of gold nanoparticles with proteins is a dynamic process, the particle size being a
critical parameter affecting the composition of the protein corona, was attested by following

the time-dependent changes in concentrations of free and protein-bound species of Au.

Experimental section

Chemicals and nanoparticle suspensions

Ultrapure Milli-Q water was obtained from a Millipore Elix 3 apparatus (Saint-Quentin,
France) and used throughout. Gold nanoparticle suspensions (5, 10, 20, and 50 nm in nominal
diameters) were acquired from British Biocell International (Cardiff, UK) and stored in
darkness at 4 °C. The Au concentration in aqueous suspensions was characterized by the
producer as 63.2, 57.6, 56.6 and 56.8 mg L', respectively, that was confirmed by our ICP-MS
measurements. All chemicals, protein standards (lyophilized powders, >97%), and human
serum (from human male AB plasma), as well as three buffer types based on Na,HPO,—
NaH,PO4, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid, or HEPES, and piperazine-
N,N'-bis(2-ethanesulfonic acid), were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Instrumentation

Page 4 of 19



Page 5 of 19

©CoO~NOUTA,WNPE

Metallomics

Analyses were performed on a HP*PCE system (Agilent Technologies, Waldbronn, Germany)
coupled to a 7500a ICP mass spectrometer (Agilent Technologies, Tokyo, Japan). Polyimide-
coated fused-silica capillaries (i.d. 75 um; o.d. 375 um; length 70 cm) were obtained from CM
Scientific Ltd. (Silsden, UK). The liquid-introduction interface was based on a model CEI-
100 nebulizer (CETAC, Omaha, NE, USA) equipped with a low-volume spray chamber and a
cross-piece to merge the sheath liquid flow. Electrical circuit of the CE was completed via a
grounded platinum wire. Ten times diluted electrolyte buffer containing 20 ug L™ Ge was
used as the make-up solution. The mass isotopes of '*’Au, *’Fe, and **S were monitored in
order to observe the speciation changes upon binding of nanoparticles with serum proteins.
The signal of Ge was recorded to control the stability of hyphenation performance and the
efficiency of nebulization. Instrumental control and data analysis were performed using
Agilent ChemStation software. Operation conditions of the optimized CE-ICP-MS setup are
summarized in Table 1.

A new capillary was initialized by flushing with 1 M NaOH for 30 min, followed by a
5-min rinse with water. The capillary was conditioned each day before use with 1 M NaOH
for 15 min, water for 5 min, and running electrolyte for 15 min. Between each run, the
capillary was purged with 1 M NaOH for 1.5 min, a mixture of 1 M NaOH, methanol, and
water (25/50/25, v/v/v) for 1 min, water for 1 min and then equilibrated with the running
electrolyte for 3 min. The temperature of the capillary cassette was set at 37 °C (physiological
temperature). Samples were introduced by applying a 20 mbar pressure for a specified time.
The applied voltage for carrying-out the separation was in the range 5-30 kV. The pH of
running electrolyte was adjusted to 7.4 by adding 1 M NaOH. All solutions to be introduced
into the capillary were filtered through 0.45 pm syringe filters (Millipore, France).

Sample preparation

Dilution of nanoparticle suspensions to the desired concentration was done with 10 mM
phosphate buffer (pH 7.4) containing 100 mM NaCl. Concentration of the gold particles in all
samples was adjusted to doses at which the therapeutic effect was observed during
radiotherapy of mice tumors (1.35-2.7 g kg”' Au).*® Using a recalculation factor that takes
into account an average mass of human body, the volume of blood, the percentage of serum in

blood, and sample dilution factor (1000- or 2000-times), the final concentration of
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nanoparticles in mixtures with individual proteins or in serum samples was set in the range of
9.5-38 mg L™ Au.

An aliquot of gold nanoparticle stock solution was added to individual protein solution
in 10 mM phosphate buffer (pH 7.4) containing 100 mM NacCl (final concentration of albumin
or transferrin 19 and 3 mg L™, respectively). The mixture was incubated for a maximum of 24
h at 37 °C to allow protein adsorption prior to sample introduction into the CE-ICP-MS
system. The samples of gold nanoparticles mixed with 1000-times diluted human serum were
incubated and analyzed as before. None of the preparations showed visible signs of particle

aggregation.

Results and discussion

Optimization of CE conditions

In order to enhance the separation efficiency and attain quantitative elution of nanoparticles
and their protein conjugates from the separation capillary, several electrophoretic buffers were
evaluated. Although previous studies have suggested that increasing the pH of the background
electrolyte improves the migration behavior of nanoparticles (by virtue of a greater
electrostatic repulsion from negatively charged capillary walls),' the preference was given to
the buffers with marked buffering capacity around the physiological pH, i.e. pH 7.4. As a rule
of thumb, working at this pH would secure the conjugates formed under simulated or real
physiological conditions from pH-induced changes in the CE system. Also for the reason of
compatibility with incubation settings, the use of surfactants was avoided in this study.
Adding a charged surfactant to the running electrolyte is known as a factor contributing to an
improved separation of differently sized gold nanoparticles;'>"'**'** however, this was beyond
our present goals.

Of three tested buffers systems capable to provide essentially neutral conditions (as
detailed in the Experimental section), HEPES was found to be the most suitable as affording
the highest signals of analytes under scrutiny as well as superior separation conditions with
respect to peak shape and migration times. The effect of the HEPES concentration was
examined in the range of 1040 mM. Results showed that a concentration of 40 mM
represents an optimum for separation of target analytes, including early migrating species

originating from serum (the transferrin conjugates). Also, the baseline noises attributed to
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high sample conductivity (100 mM chloride) appear to be smaller with 40 mM HEPES.
Accordingly, 40 mM HEPES, pH 7.4 was chosen for baseline separation of gold particles and
particle—protein conjugates.

The next operational parameter optimized was the applied voltage, affecting mostly
the migration times. Higher voltages produced less broadened peaks over a shorter time
frame, and 15 kV (generating a current of 14 #A) was found to be optimal. Measurements
using voltage >20 kV resulted in poorly resolved electropherograms. In its turn, sample
loading was varying with the aim of gaining the highest signals without sacrificing capillary
recovery and peak efficiency. It was noticed, however, that the loading is limited by the
adsorption of excessive proteins in the sample, as well as the protein conjugates, on capillary
walls, leading to less reproducible migration times and current instability. Therefore,
increasing the loading above 100 mbarxs was considered unreasonable. Consequently, the
experiments described below were performed with the separation voltage of 15 kV and
sample loading at 20 mbar for 5 s.

From electropherograms shown in Figure S-1 (ESIf), it can be seen that with the
optimized parameters all gold nanoparticles under investigation exhibit a symmetrical signal,
the peak efficiency being slightly compromised upon increasing the particle diameter. While
smaller particles migrate definitely slower, the particle size showed a moderate effect on the
migration time (see Figure S-1). As displayed below, the formation of the protein corona,
though considerably increasing the size of gold nanoparticles, did not affect notably peak
symmetry. Presented in Table 2 are analytical figures of merit of the developed CE-ICP-MS
assay. Results indicate a good precision of the method, with relative standard deviations of
peak areas of 2.4-5.5% and 3.8-6.9% for intraday (n = 6) and interday (» = 3) measurements,
respectively. Migration time precision was typically below 3% that is the customary level in

23,24 .
“* no influence of the

CE. In contrast to previously published studies on gold nanoparticles,
particle size on detection sensitivity was observed here. Detection limits slightly varied, from
0.8 to 0.9 ug L' Au, for a given set of nanoparticles. Their transformation into the albumin-
bound form exerted negligible effect on sensitivity. These observations prove complete
vaporization and ionization of the Au species of interest in the ICP, independent of their size
and chemical nature. On the other hand, capillary recoveries assessed by comparison of the
results acquired in electrophoretic and pressure-driven modes, being almost identical and
quantitative for 5-, 10-, and 20-nm-sized particles, decreased in the case of 50 nm

nanoparticles to approximately 87%. Note that analyte mass loss witnessed in the current

study is considerably lower than in other capillary-based separation techniques (cf. recoveries
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of 72-80% for gold nanoparticles of the same diameters in micellar electrokinetic
chromatograhy'). The effect of particle size on the recovery was yet more pronounced for
respective albumin conjugates (see Table 2). This can be attributed to a greater tendency to

adsorb onto capillary walls for larger proteinaceous nanostructures.

Interaction with individual proteins

Binding of gold nanoparticles to plasma proteins is known to proceed with fast kinetics.'**>%°
For albumin, rapid formation of the protein corona was clearly seen in our experiments: after
5 min of incubation no peak of free 10—50 nm nanoparticles in mixtures (at eventually
therapeutic concentration ratio) was recorded due to complete conversion into the protein-
covered form. It is important to mention that the molar excess of albumin was about 180,
1500, and 23000 for 10-, 20-, and 50-nm sized particles, respectively. Increasing the
nanoparticle concentration from 9.5 to 19 mg L' Au (still within the therapeutic range)
displayed no visible effect on binding rate. Association with albumin decreased the
electrophoretic mobility of nanoparticles in line with increasing their size, while the
accompanying change in the surface charge seems to have lower effect. Consequently, the
migration times toward the anode placed at the detection side of the capillary (counter-
electroosmotic flow mode) were shortened.

The fact that nanoparticle size is a critical parameter affecting the protein conjugation
was only evidenced when the smallest, 5-nm particles were subject to examination. With
merely 20-fold molar excess of albumin, the evolution of the conjugate formation proceeds
markedly slower. This allowed for recording the peak belonging to the naked nanoparticles (at
about 13 min) at incubation times up to 48 min (Figure S-2; ESIT). Applying a twofold
concentration of gold particles, i.e. 2.5x10™ M (corresponding to a dose of 2.7 g kg™ Au), led
to further deceleration of albumin binding. As a result, even after 24 h of incubation, 5% of
nanoparticles remained in unbound state. This observation has certain biological implication
from the standpoint of cellular uptake of gold nanoparticles, given, in particular, that smaller
sizes favor better targeting specificity.”’

From a linear relationship between relative peak area of 5 nm gold particles and
incubation time (regarded up to 30 min), presented in Figure 1, the apparent rate constant was
calculated as 1.56x10 min"'. However, this value can be used only for comparative reasons,
as in fact interaction with albumin is far from being simple, first-order reaction. At the initial

stage (1-5 min), the development of binding is very fast, resulting in about 95% of

8
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nanoparticles covered with protein molecules. Thereafter the binding reaction slows down,
thus showing an apparent two-step character. We attribute such binding pattern to the
mechanism underlying time-related changes in the structure of albumin after adsorption on
gold nanoparticles. The protein adsorption is due to at least two driving forces, electrostatic
interaction®® and sulfur—gold bonding.” The electrostatic interaction occurs immediately, but
the covalent interaction between Au in nanoparticles and S in albumin takes a longer time and
induces distinctive structural changes of the protein.’® As a matter of fact, a stepwise character
of nanoparticle proteinization could be true for the whole size range under investigation.
However, the CE method in use is not suitable for assessing very fast reactions.

Transferrin exists in human blood in two forms: iron-free or apo-transferrin (about
70%) and iron-saturated, holo-transferrin, amounting ca. 30%.! Strikingly, interaction of the
gold nanoparticles with the physiological mixture of transferrin forms brought about the
development of two types of conjugates (an assumption of which was formerly made®?). As
can be seen in Figure 2, an early migrating peak is due to binding to holo-transferrin, which
takes place without iron replacement (see the supplementary > Fe-trace). In its turn, the sulfur-
specific electropherogram serves as a clue of proteinaceous nature of the respective peaks (we
gave the preference to the **S isotope over much more abundant **S for the reason of
circumventing the spectral interferences due to oxygen). Evidently, because of the protein
coating, enclosing the iron atoms, a net negative charge of the holo-transferrin conjugate is
smaller than that of the apo-transferrin one (but the size is similar). Such charge-to-size
difference explains the migration order observed. Another observation in favor of peak
assignment in Figure 2 is that the ratio of peak areas of two conjugates matches the
percentage of transferrin forms in original mixture.

As in the case of albumin, the transferrin binding is a fast process, with equilibrium
being reached in about 5 min, after which no further increase in conjugates peak areas was
visible. However, on contrary, the equilibrium speciation of Au (see Figure 2, lower trace) is
dominated by uncovered (instead of covered) nanoparticles. Results shown in Table S-1
(ESIY) indicate that the formation of both transferrin conjugates intensifies with particle size.
Nonetheless, even with the largest particles (50 nm), the total amount of conjugates is only
about 10%. On the opposite side of the size range, for 5 nm nanoparticles, no conjugates were

detectable.

Speciation in human serum
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In real biological systems, nanoparticles encounter proteomes, not a single protein. This
implies that in case of human serum, the protein corona could be a temporarily dynamic
complex whose formation and composition is governed by protein abundance and binding
affinity.*>** Figure 3 shows typical protein-binding profiles acquired for 20 nm gold
nanoparticles exposed to human serum for a different period of time. It is worthwhile noting
that whereas the accommodation of three proteins on the nanoparticle surface is evidenced
using CE-ICP-MS, the actual number of the serum-protein conjugates might be greater.3 >
However, their abundances are much lower, thus falling beyond the limit of detection. A
detailed look into the speciation pattern recorded revealed that after 2 min, which is a possible
temporal situation after intravenous injection, nanoparticles lose their identity being in
comparable proportions transformed into albumin and transferrin conjugates. It is important to
point out that when a standard mixture of all three proteins involved in coating (at their
physiological concentrations) was used instead of serum, the results were totally different:
regardless of the particle size, only albumin participated in forming the corona. We ascribe
this dissimilarity to surface modification by serum matrix components that could change the
affinity of gold nanoparticles toward different proteins.

With time, both forms of transferrin adsorbed on the particle surface tend to be
replaced by albumin that turns to be the only constituent of the protein corona when it reaches
an equilibrium state. According to our measurements (see Figure 3), for this size of particles
such a state becomes due in 4 h which is equivalent of prolonged circulation in the blood. It is
also evident that under real-world conditions, binding to albumin is kinetically less favorable.
This is manifested by evident peak tailing until the conjugate formation is completed. After 4
h, no further alterations in the speciation of Au were seen and the albumin conjugate remained
stable for at least 24 h.

There are several conclusions that can be inferred from the observed binding scenario.
First, surface coating is a collective and dynamic process whereby serum proteins are
adsorbed in a competitive manner. Second, the selectivity in protein binding is influenced by
the properties of the proteins, both albumin and transferrin showing apparently a comparable
affinity to the surface of nanoparticles. However, in the long run, a higher abundance of
albumin prevails. Finally, the albumin conjugate serves most likely as the form in which the
gold nanoparticles accumulate within the tumor and reach the desired cells.

Similar speciation profiles were obtained for gold particles of other sizes. While their
conversion into the protein-bound forms was similar in speed, the size of nanoparticles

exerted an impact on the mechanism of protein binding. It is evident that the larger the
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diameter, the greater is the percentage of the transferrin conjugates at the initial, reversible
step of proteinization (Table 3). Also time required to attain the equilibrium binding (in all
cases, to albumin) increases with growing the particle diameter. Another analyte characteristic
which is a function of size is capillary recovery, measuring up in all cases a satisfactory level
well above 80%.

Summarizing, our study demonstrated that even within a single class of gold
nanoparticles with identical surface capping, their behavior following exposure to human
serum is fairly diverse. Depending on the size and residence time, the protein corona varies in

composition which may have fundamental biological consequences.

Conclusions

Whatever the biomedical implications can be made from the current study, we consider its
main outcome in developing a multipurpose analytical platform to analyze MBN-protein
interactions. Therefore, it is safe to assume that with the same or slightly modified basic
setup, the CE-ICP-MS can be applied to other MBNs, different in the core/shell metals, shape
and size, or surface chemistry. Due to high-resolution CE separation and ultrasensitive ICP-
MS detection the methodology presented herein has potential for a highly efficient monitoring
and comprehensive understanding of the interactions of nanoparticles with their binding
partners, including the cytoplasmic components of cells, which is crucial for their

implementation into the clinical setting.
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Table 1 CE-ICP-MS operating parameters

CE system

Capillary

Capillary electrolyte
Voltage
Temperature

Sample injection

fused silica capillary, .D. 75 um, O.D. 375 um, length 70 cm
HEPES 40 mM, pH 7.4

15kV

37°C

hydrodynamic, 20 mbar, 5 s

ICP-MS system

RF power

Sample depth
Plasma gas
Nebulizer gas flow

Monitored isotopes

1320 W

6.7 mm
15.0 L min~'
1.1 L min”'

197 ST, 34q T2
Au, “'Fe, 'S, “Ge
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Table 2 Precision, detection limits and capillary recovery

Species” RSD (%) Detection limit Capillary
Migration time Peak area (ug L! Au)b recovery (%)
Intraday Inter-day Intraday Inter-day (n=06)
(n=06) (n=3) (=6 (n=3)
Gold nanoparticles (nm)
5 1.5 2.2 3.9 4.2 8.2 96.8+0.5
10 1.4 1.8 3.6 3.9 8.3 96.6+0.5
20 1.3 1.4 3.6 3.8 8.5 96.3+0.5
50 2.5 2.8 5.5 6.5 9.2 93.5+0.3
Gold nanoparticle (nm)—albumin conjugate
5 1.0 2.1 24 4.2 8.3 95.7+0.2
10 2.6 3.7 2.6 4.0 8.5 95.3+0.3
20 3.6 5.6 4.3 4.5 8.8 92.7+0.5
50 4.1 6.4 4.9 6.9 9.9 86.8+0.6

“9.5mg L' Au alone or after 1-h incubation with 19 mg L™ albumin. ” 3¢ criterion.
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Table 3 Protein-mediated transformations of gold nanoparticles in human serum

Size (nm) Relative peak area (%)” Equilibrium Capillary
Holo- Apo- Albumin time (h)” recovery
transferrin transferrin (%)°
5 0.8+0.1 1.4+0.1 97.8+0.1 0.3 91.3+0.2
10 7.2+0.1 8.0+0.1 84.8+0.1 1 90.2+0.2
20 16.5+0.2 19.5+0.1 64.0+0.2 4 88.8.£0.3
50 21.6+0.3 25.340.3 53.1+0.5 24 83.5+0.3

“ Analyses after 2 min of sample incubation; n = 3.” Time at which relative peak area of the

albumin conjugate attains 100%. © Calculated on the basis of measurements made after 30-

min incubation; n = 3.
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Relative peak area (%)

16 0 10 20 30 40 50 60

17 Incubation time (min)

20 Fig. 1 Dependence of nanoparticle signal on the time spent on coating with albumin. The relative
22 peak area was calculated as the ratio of the peak area of bare 5-nm nanoparticles to the total area of

23 peaks due to uncoated and coated particles. For conditions, see Table 1 and Experimental section.
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Fig. 2 Electropherograms illustrating the progress in conjugation between 20-nm gold particles and
transferrin after 30 min. Sample: 19 mg L’ gold nanoparticles, 3 mg L™ transferrin in 10 mM
phosphate buffer (pH 7.4), 100 mM NaCl. Peak assignment: 1 — holo-transferrin conjugate; 2 — apo-
transferrin conjugate; 3 — gold nanoparticles. See Table 1 and Experimental section for CE-ICP-MS

conditions.
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Fig. 3 Time-dependent speciation of 20-nm gold particles in human serum. Sample: 19 mg L gold
nanopatrticles in 1000-times diluted serum. Peak assignment: 1 — holo-transferrin conjugate; 2 — apo-
transferrin conjugate; 3 — albumin conjugate. Line 4 shows the migration time of intact nanoparticles.

See Table 1 and Experimental section for CE-ICP-MS conditions.
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