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ABSTRACT: We assessed the potential of a suspended microchannel resonator (SMR) to measure the adsorption of proteins to nanoparticles.
Standard polystyrene beads suspended in buffer were weighed by a SMR system. Particle suspensions were mixed with solutions of bovine
serum albumin (BSA) or monoclonal human antibody (IgG), incubated at room temperature for 3 h and weighed again with SMR. The
difference in buoyant mass of the bare and protein-coated polystyrene beads was calculated into real mass of adsorbed proteins. The
average surface area occupied per protein molecule was calculated, assuming a monolayer of adsorbed protein. In parallel, dynamic
light scattering (DLS), nanoparticle tracking analysis (NTA), and zeta potential measurements were performed. SMR revealed a statistically
significant increase in the mass of beads because of adsorption of proteins (for BSA and IgG), whereas DLS and NTA did not show a
difference between the size of bare and protein-coated beads. The change in the zeta potential of the beads was also measurable. The
surface area occupied per protein molecule was in line with their known size. Presented results show that SMR can be used to measure
the mass of adsorbed protein to nanoparticles with a high precision in the presence of free protein. C© 2014 Wiley Periodicals, Inc. and the
American Pharmacists Association J Pharm Sci 104:698–704, 2015
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INTRODUCTION

The use of nanoparticles for biomedical applications has been
a major area of study in the last decade and continues to be a
rapidly growing field of research. Nanoparticles are rigorously
researched in the field of drug delivery and imaging not only
because of their size, shape, or high surface to volume ratio, but
also because they are looked at as platforms that offer versatile
possibilities for modification with functional moieties ranging
from small chemical groups to large macromolecules.1 Drugs,
proteins, fluorescent dyes, and targeting ligands are examples
of functional moieties that are attached to nanoparticles for
specific functions. In addition, the surface of nanoparticles is
often coated with molecules such as polyethylene glycol (PEG)
to stabilize the particle suspension or reduce its unspecific in-
teraction with proteins and other components of the biological
environment.1,2

The abovementioned moieties are generally immobilized on
the surface of nanoparticles either through a covalent linkage
or by a simple adsorption process. Regardless of the method
of immobilization, it is a challenge to quantify the amount of
immobilized moiety on the surface of a nanoparticle.3,4 Most of
the used quantification methods are based on measurement of
the depletion of the component of interest in the solution that is
used to coat the nanoparticles.5 These so-called indirect meth-
ods have several drawbacks, including: (1) they do not provide a
proof that the moiety is actually coated on the nanoparticles, as
it could well be adsorbed to other interfaces encountered in the
adsorption or sample preparation process; (2) they are suscep-
tible to the presence of unbound impurities or contaminants;
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(3) they are inaccurate when only a small fraction of the moi-
ety is coated; and (4) the overall quantification requires know-
ing the exact number of nanoparticles coated in the process.
There are also methods that aim for direct measurement of
the amount of immobilized components. The majority of such
methods are, however, only suitable for qualitative or semi-
quantitative assessments and do not provide precise indicates
of the amount of immobilized components. For instance, fluores-
cent labeling of proteins has been frequently used to evaluate
the adsorption of proteins to the surface of gold nanoparticles.5

Other than being nonquantitative, such methods employ mod-
ified versions of the immobilized component (e.g., fluorescently
labeled protein) that may influence the immobilization behav-
ior and lead to inaccurate indications.3 Generally used sizing
methods such as dynamic light scattering (DLS) and nanoparti-
cle tracking analysis (NTA) have also been used to evaluate the
immobilized components on the surface of nanoparticles.3,6,7

These methods provide information regarding the hydrody-
namic thickness of the adsorbed layer and not directly about
the adsorbed amount. Several other techniques such as X-ray
photoelectron spectroscopy or zeta potential measurements can
offer proof on the presence of a coating on the nanoparticles
without providing quantitative data. Scanning and transmis-
sion electron microscopy and atomic force microscopy may also
be useful for evaluation of the coatings; however, these meth-
ods have an extremely low throughput and often require inter-
fering treatments (such as drying, freezing, or deposition of a
conductive layer) before an image can be made.3,4,8

Recently developed suspended microchannel resonators
(SMR) enable the measurement of the mass of single nanopar-
ticles with precision in the range of femtogram to attogram.9–11

In these systems, a suspension of particles is flushed through a
microchannel inside the resonator. The resonance frequency
of the suspended microchannel is highly sensitive to the
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presence of particles whose density differs from that of the
flushed fluid. Passage of a particle with a density higher than
that of the fluid will cause a decrease in the resonance frequency
of the microchannel. This decrease in frequency is proportional
to the buoyant mass of the particle in the surrounding fluid.
SMR systems have been previously used for studying the mass
of various micro- and nanoparticles including protein particles
and also for quantitative differentiation of protein particles and
silicone oil droplets.11,12

The aim of this study was to evaluate the potential of the
SMR, also referred to as resonant mass measurement,12 for
measuring the mass of proteins adsorbed to nanoparticles. To
this end, proteins in different formulations were allowed to ad-
sorb to model polystyrene beads and the resulting coated beads
were weighted by using SMR. For comparison, DLS, NTA, zeta
potential, and BCA protein assay measurements were also per-
formed. Our data show that SMR provides a precise estimate of
the average mass of adsorbed protein per nanoparticle without
the need for separation from unadsorbed protein.

MATERIALS AND METHODS

Materials

Polystyrene standard beads with diameters of 600 and 1000 nm
were purchased from Fisher Scientific (Landsmeer, The
Netherlands). Monoclonal human antibody of the IgG1 subclass
(IgG) was kindly provided by Boehringer Ingelheim (Biberach,
Germany). Bovine serum albumin (BSA) and other chemicals
were purchased from Sigma–Aldrich (Steinheim, Germany).
Ultrapure water (18.2 M� cm water) was dispensed by using a
PURELAB Ultra water purification system (ELGA LabWater,
Ede, The Netherlands).

Adsorption Experiments

The polystyrene bead suspensions (diameter of 600 and
1000 nm) were diluted 2000× or 1000×, respectively, in 10 mM
phosphate buffer (PB), pH 7.0 to reach a concentration that was
optimal for measurements, that is, about 107 beads/mL. BSA
solutions (1, 0.1, and 0.01 mg/mL) in PB were prepared. IgG
solution (0.1 mg/mL) in PB was also prepared. Two milliliter
of the bead suspension was mixed with 2 mL of the protein so-
lution and the mixture was incubated for 3 h (long enough to
reach saturation of the surface, as indicated by preliminary ex-
periments) at room temperature after which the measurements
were performed.

SMR Measurements

Suspended microchannel resonator measurements were per-
formed using an Archimedes system (Malvern Instruments,
Malvern, UK). A microsensor chip with internal microchan-
nel dimensions of 8 × 8 :m2 was used for all experiments.
Prior to experiments, the sensor was calibrated with 1.034 :m
polystyrene size standards as instructed by the manufacturer.
The sensor was rinsed with 2% sodium dodecyl sulfate solution
and washed thoroughly with several runs of ultrapure water
before each measurement. The sample was loaded to the sen-
sor for 30 s. The limit of detection was fixed to 0.018 Hz, which
was well above the noise level and found to be optimal for de-
tection of the nanoparticles used herein. The measurement was
continued for 10 min at room temperature, which allowed de-
tection of at least 2000 particles. The buoyant mass of particles

before (bare polystyrene beads) and after (BSA-coated and IgG-
coated polystyrene beads) adsorption of protein was measured.
The distribution of particles with a buoyant mass within the
range of 0–40 femtogram was plotted by choosing a bin size of
0.25 femtogram. The average buoyant mass of a certain pop-
ulation of particles was calculated by averaging the mass of
particles under the peak associated to that population in the
distribution graph. The PB and BSA solution were also tested
as control samples. In order to investigate whether the presence
of unbound protein would influence the measurement of the
mass of particles, two control measurements were conducted:
(1) the beads were spun down by using a centrifuge (Microfuge
18; Beckman Coulter Inc., Brea, California) at 10,000g for
10 min, resuspended in PB and weighed again and (2) the mix-
ture was diluted 10-fold with PB and measured again. For each
condition, three independent measurements with separately
prepared mixtures of polystyrene beads and proteins were
performed.

The average buoyant mass of the adsorbed protein layer to
a single nanoparticle (i.e., the average change in the buoyant
mass of beads) was converted to the real mass of the protein
layer according to Eq. 1, assuming the density of the protein
to be 1.35.13 The densities of different fluids were measured by
SMR and were statistically equal to the density of ultrapure
water. Therefore, the value of 1 g/mL was used as the density
of fluid in all calculations.

M = MB

(1 − Dfluid/Dparticle)
(1)

From the calculated average mass of proteins adsorbed to a
nanoparticle and the known molar mass of the protein, the aver-
age number of protein molecules adsorbed to a single nanopar-
ticle was calculated. Subsequently, the average surface area per
each protein molecule was calculated, by assuming a monolayer
of protein on the nanoparticle surface.

Dynamic Light Scattering

Dynamic light scattering measurements were performed with
a Malvern Zetasizer Nano ZS (Malvern, Herrenberg, Germany)
equipped with a 633-nm He–Ne laser and operating at an an-
gle of 173◦. The software used to collect and analyze the data
was the Zetasizer Software version 7.03 from Malvern. Five-
hundred microliter of each sample was measured in single-use
polystyrene half-micro cuvettes (Fisher Emergo, Landsmeer,
The Netherlands) having a path-length of 10 mm. The measure-
ments were made at a position of 4.65 mm from the cuvette wall
with an automatic attenuator and at a controlled temperature
of 25◦C. For each sample, 10 runs of 15 s were performed. The Z-
average (Z-ave) diameter, polydispersity index, and peak center
of the intensity distribution were obtained from the autocorre-
lation function by using the “general purpose mode” analysis
model. These parameters were calculated from three indepen-
dent measurements with separately prepared samples.

Zeta Potential Measurements

The particles’ zeta potential was determined by laser Doppler
electrophoresis with the same instrument as used for DLS mea-
surements. The average and standard deviation of the zeta po-
tential were calculated from three independent measurements
with separately prepared samples.
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Nanoparticle Tracking Analysis

Nanoparticle tracking analysis measurements were performed
with a NanoSight LM20 (NanoSight, Amesbury, U K), equipped
with a sample chamber and a 640-nm laser. The samples were
injected in the sample chamber with sterile syringes (BD Dis-
cardit II, Franklin Lakes, New Jersey). The software used for
capturing and analyzing the data was the NTA 2.0 Build 127.
The samples were measured for 40 s with manual shutter and
gain adjustments from which the mean diameter of the parti-
cles was obtained. These experimental settings resulted in de-
tection of at least 3500 particles per measurement, out of which
100–200 particles could be tracked long enough to render reli-
able size measurements. The average and standard deviation
of the mean diameter were calculated from three independent
measurements with separately prepared samples.

Measurement of Protein Concentration in the Supernatant

The amount of protein in the starting solution and in the su-
pernatant after the coating process was determined by using
a microbicinchoninic acid-based (micro-BCA) protein assay kit
(Pierce, Rockford, Illinois) according to the manufacturer’s in-
structions. In order to remove the polystyrene beads after ad-
sorption of proteins, a centrifugation step at 10,000g for 10 min
was performed that efficiently removed more than 90% of the
beads.

Statistical Analysis

Statistical calculations were performed with the available on-
line GraphPad Software by using a one-tailed t-test, unless
otherwise stated. In order to check whether the variances be-
longing to populations of the bare and BSA-coated polystyrene
beads were different, a two tailed F-test (data analysis package
of Microsoft Excel) was performed. Differences were considered
statistically significant for p values smaller than 0.05.

RESULTS AND DISCUSSION

To the best of our knowledge, this is the first study to show that
the adsorption of protein to the surface of polystyrene beads
leads to a clear increase in the buoyant mass of the beads that
is measurable with a SMR system (Fig. 1). As one would expect,
the SMR did not detect particles in control samples of only PB
or BSA solution, whereas a large number of particles were de-
tected in suspensions of both bare and BSA-coated polystyrene
beads. Statistical analysis of the data on the buoyant mass of
particles before (3210 beads weighed with an average buoy-
ant mass of 7.49 ± 0.76 femtogram) and after BSA adsorp-
tion (3609 beads weighed with an average buoyant mass of
8.04 ± 0.79 femtogram) revealed that there is a statistically
significant difference between the two populations (p < 0.0001).
F-test analysis of these data suggest that the variance of the
buoyant mass of particles in each population (under each peak),
which is a measure of the peak broadness and can be used as
an indicator of the polydispersity, increased significantly (p <

0.005) after adsorption of BSA. This observation may suggest
that the adsorption of protein slightly increased the polydisper-
sity of the particles in terms of their mass distribution.

The distribution of the particles’ buoyant mass remained es-
sentially the same after they were spun down and resuspended
in PB and also after dilution with PB (Fig. 2). This observation
confirmed that the change in buoyant mass was directly related

Figure 1. Distribution of the buoyant mass of particles for buffer
(empty circles, gray), BSA solution (filled circles, green), suspension of
bare 600-nm polystyrene beads (empty squares, blue) and BSA-coated
600-nm polystyrene beads (filled squares, red). The arrow shows the
shift in the average buoyant mass of particles under the peak because
of adsorption of BSA.

Figure 2. Distribution of the buoyant mass of particles for suspen-
sions of bare 600-nm polystyrene beads (empty squares, blue), bare
600-nm polystyrene beads spun down and resuspended in buffer (empty
circles, purple), BSA-coated 600-nm polystyrene beads (filled squares,
red), BSA-coated 600-nm polystyrene beads spun down and resus-
pended in buffer (filled circles, light blue), and BSA-coated 600-nm
polystyrene beads 10 times diluted in buffer (filled triangles, green).
The dashed lines are eye guides to show that the peaks are the same
after removal or dilution of the excess protein in the surrounding fluid.

to the adsorption of BSA and was independent of the pres-
ence or absence of the unbound BSA in the surrounding fluid.
This observation also indicates that the BSA is irreversibly ad-
sorbed to the polystyrene beads (no desorption upon dilution
or resuspension in PB). It has to be realized, however, that
this conclusion may only be valid for this particular protein at
the concentrations used in this study. Different proteins and
higher concentration of the protein may lead to the presence of
loosely interacting protein around the polystyrene beads that
may desorb upon dilution or resuspension in PB.

In order to check the reproducibility of the measurements,
three independent measurements with separately prepared
samples were performed. Table 1 summarizes the experimental
results on the average buoyant mass (as measured by SMR), the
size (as measured by DLS and NTA), and the zeta potential (as
measured by laser Doppler electrophoresis) for both bare and
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Table 1. Summary of the Experimental Results on the Buoyant Mass of the 600-nm Polystyrene Beads (as Measured by SMR), the Particle
Size (Z-Ave and Peak Center of the Intensity Distribution as Measured by DLS and Mean Diameter as Measured by NTA), and the Zeta
Potential of Particles (as Measured by Laser Doppler Electrophoresis) for Both Bare and Protein-Coated Beads

Bare Particles Protein-Coated Particles Change p Value

Average buoyant mass of particles (femtogram) 7.45 ± 0.07 8.00 ± 0.03 0.55 ± 0.10 <0.0001
Zeta potential (mV) − 72.5 ± 7.9 − 35.5 ± 3.3 37.0 ± 5.2 0.010
Z-ave (nm) 618.8 ± 16.1 621.2 ± 3.6 2.4 ± 17.4 0.407
Peak center of the intensity distribution as measured by DLS (nm) 637.0 ± 3.4 653.0 ± 9.6 16.0 ± 12.3 0.026
Mean diameter from NTA (nm) 623.3 ± 68.6 602.2 ± 17.7 − 21.2 ± 50.9 0.314

The data represent the average and standard deviations for three independent measurements with separately prepared samples. The results of the statistical
analyses are also summarized.

Figure 3. Size distribution of particles for suspensions of bare
600-nm polystyrene beads (dashed line, blue), and BSA-coated 600-nm
polystyrene beads (solid line, red) as obtained by (a) DLS and (b) NTA.

protein-coated polystyrene beads. The representative size dis-
tributions obtained by DLS and NTA are presented in Figure 3.
The SMR method showed a highly significant difference be-
tween the buoyant mass of bare and protein-coated polystyrene

beads. Similarly, zeta potential measurements showed a statis-
tically significant difference between the bare and BSA-coated
polystyrene beads, confirming the presence of the protein coat-
ing. These results are in agreement with the literature, as ad-
sorption of considerable amounts of BSA to polystyrene sur-
faces with different charges has been reported.14,15

In contrast, the sizing methods, that is, DLS and NTA, did
not show any statistically significant differences between the
Z-ave and the mean diameter of the bare and protein-coated
polystyrene beads (p > 0.05; see Table 1). The peak center of
the intensity distribution as measured by DLS did reveal an
increase in the size of particles because of adsorption of pro-
tein that was statistically significant. Nevertheless, these data
show the limitations of DLS and NTA, in terms of precision,
for detection of small changes in diameter of 600-nm beads be-
cause of adsorption of a protein layer. Moreover, DLS and NTA
are not suitable for assessing the amount of adsorbed protein.
It is, however, noteworthy that these methods have been used
to detect a hydrated coating for small particles (diameter of
20–200 nm) and for relatively thick PEG coatings (about 30 nm
thick).6,7,15 The micro-BCA assay was also not sensitive enough
to detect a reduction in the concentration of BSA because of
adsorption to polystyrene beads (Table 2). It has to be realized
that the amount of protein adsorbed in these experiments may
have been too small in comparison to the detection limit of the
micro-BCA assay and the protein concentration of the starting
solution (0.05 mg/mL), making it difficult to detect any changes
with such protein assays. Altogether, the abovementioned data
clearly show the limitation of the conventional techniques and
emphasize the power of SMR in quantification of the amount
of protein adsorbed to single nanoparticles.

The average mass of the adsorbed BSA to a polystyrene bead
was calculated to be 2.1 ± 0.4 femtogram, which is equal to the
mass of 19,062 ± 3679 BSA molecules (molar mass of BSA
is 66.5 kDa). Assuming a smooth surface for a polystyrene
bead with a diameter of 600 nm and a protein monolayer, the
average surface area per BSA molecule was calculated to be
59.3 ± 11.4 nm2. At the same time, theoretical calculations

Table 2. Concentration of BSA in the Starting Solution and in the Supernatant After the Coating Process, as Measured by Micro-BCA Assay

BSA in Supernatant After
Adsorption of Protein to

BSA in Starting Solution 600-nm Nanoparticles Change p Value

Concentration as measured by
BCA assay (mg/mL)

0.048 ± 0.001 0.047 ± 0.001 −0.001 ± 0.001 0.078

The data represent the average and standard deviations for three independent measurements with separately prepared samples. The result of the statistical
analysis is also presented.
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Table 3. Summary of the Experimental Results on the Buoyant Mass of the 1000-nm Polystyrene Beads for Both Bare and Protein-Coated
Beads as Measured by SMR

Bare Particles Protein-Coated Particles Change p Value

Average buoyant mass of particles (femtogram) 33.30 ± 0.07 34.50 ± 0.25 1.17 ± 0.31 0.001

The data represent the average and standard deviations for three independent measurements with separately prepared samples. The result of the statistical
analysis is also presented.

suggest that the projected area of an adsorbed BSA molecule
with a hydrodynamic diameter of 6.5 nm16 would be 33.2 nm2.
This value translates in an average area of 36.9 and 60.7 nm2

for hexagonal close packing (90.7% surface coverage17) and ran-
dom sequential adsorption (54.7% surface coverage18,19) mod-
els, respectively. In particular, the value for the random se-
quential adsorption model is in excellent agreement with our
experimental findings.

Suspended microchannel resonator measurements showed a
buoyant mass of 33.30 ± 0.07 femtogram for bare polystyrene
beads with a diameter of 1000 nm (Table 3), which is approxi-
mately 4.5 times the buoyant mass of the 600-nm beads. This
ratio is proportional to the ratio between the volumes of these
particles (4.6) that have the same density (1.05 g/mL). This
agreement in the ratios revealed that SMR is a reliable method
in measurement of the relative masses of particles with differ-
ent sizes. The average surface area per each BSA molecule on
1000-nm beads (76.8 ± 20.5 nm2) was not different from that for
600-nm beads. Such similarity was expected because the two
particles are of the same type and should have similar surface
properties.

In order to further validate the SMR measurement of
the mass of protein adsorbed to nanoparticles, adsorption
from BSA solutions of different concentration (0.5, 0.05, and
0.005 mg/mL) to 600-nm polystyrene beads was studied.
Figure 4 shows the average adsorbed mass of BSA on a nanopar-
ticle as well as the associated mean surface area per BSA
molecule for three BSA concentrations. The adsorbed mass of
BSA per particle decreased with decreasing the concentration of
the protein. Consequently, this decrease was accompanied with
an increase in the calculated surface area per BSA molecule.
Considering that the surface was saturated by protein for all
concentrations, these results can be interpreted by the relative

Figure 4. Adsorbed mass of BSA on a 600-nm polystyrene bead (left
axis, blue bars) and the associated surface area per BSA molecule
(right axis, red-filled squares) for BSA concentrations of 0.5, 0.05, and
0.005 mg/mL. The error bars represent the standard deviations calcu-
lated from three separate measurements.

rates of supply and spreading of the protein. When the supply
rate of protein is low (from low-concentration BSA solution),
the adsorbed BSA molecules have the time to spread on the
surface (to maximize favorable bounds with the substrate) be-
fore sensing a neighboring molecule. As a result, a larger area
is occupied per BSA and less protein can be adsorbed per unit
area of the surface. On the contrary, when using a high concen-
tration of BSA, a supply rate that is higher than the spreading
rate can lead to a rapid crowding of the surface of polystyrene
beads. This crowding would, in turn, force the protein to keep
a more compact structure because the spreading is sterically
inhibited.20–22 These results are in line with reported obser-
vations for adsorption of "-lactalbumin on silica at different
protein concentrations where the spreading rate was in the or-
der of 100 s and the surface was coated with protein over the
time course of 7.5–750 s depending on the concentration.22

The applicability of the method to other proteins with differ-
ent characteristics (e.g., net charge of the protein molecule) was
investigated by studying the mass of adsorbed IgG (from a solu-
tion with a concentration of 0.05 mg/mL) to 600-nm polystyrene
beads. Figure 5 shows the distribution of the buoyant mass for
bare and IgG-coated polystyrene beads. The average buoyant
mass of the particles for each population (shown by separate
peaks) is also shown in the graph. The average buoyant mass
of particles increased significantly (p < 0.0001) from 7.45 ±
0.07 femtogram (bare polystyrene beads) to 8.74 ± 0.01 fem-
togram (IgG-coated beads) because of adsorption of IgG. This
increase corresponds to adsorption of 19,899 ± 1261 IgG
molecules and a 56.81 ± 3.60 nm2 per IgG molecule. This area

Figure 5. Distribution of the buoyant mass of 600-nm polystyrene
beads for suspension of bare (empty squares, blue) and IgG-coated
polystyrene beads (filled squares, red). The inset arrows point the de-
tected populations and the associated values are the average buoyant
mass of nanoparticles in those populations (under the peaks). The illus-
trations point out that the second and third peak in the distribution of
the IgG-coated particles are related to dimers and trimers of IgG-coated
polystyrene beads.
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is in the expected range as the dimensions of the IgG molecule
are estimated to be 14 × 8.5 × 4 nm3.23,24 The zeta potential
of the polystyrene beads increased from −72.5 ± 7.9 to −6.6 ±
0.2 mV (statistically significant difference, p < 0.0001). Clearly,
the IgG coating causes a larger increase in the zeta potential
as compared with the BSA coating, which is likely related to
the difference in the net charge of these molecules (isoelectric
point of BSA ≈ 4.6 and that of IgG ≈ 8.5).

Interestingly, two other populations were detected in case of
IgG-coated polystyrene beads (Fig. 5). These populations corre-
spond to average buoyant masses of 17.4 and 26.1 femtogram,
which are two and three times the buoyant mass of single IgG-
coated polystyrene beads. This observation indicates that mix-
ing the bead suspension with IgG solution may have led to
the formation of IgG-coated dimer and trimer particles. Con-
sidering the positive charge of IgG and the negative charge of
bare polystyrene beads, charge–charge interactions are proba-
bly responsible for this with the IgG molecules forming a bridge
between the polystyrene beads. It has to be emphasized that
because SMR measures the mass of particles, it provides an
extremely powerful tool for detection and characterization of
particle aggregation phenomena.

CONCLUSIONS AND PERSPECTIVES

The SMR method can be used to measure the average mass
of adsorbed protein to a nanoparticle with a high precision.
Quantitative mass measurements allow for good estimation of
the number of adsorbed protein molecules per nanoparticle and
therewith the surface area occupied per protein molecule. More-
over, the SMR method also allows for highly consistent relative
mass measurements, making it suitable for studying the aggre-
gation of nanoparticles at high resolution. Other advantages of
the method include the direct measurement principle, the pos-
sibility to measure minute fractions of adsorbed protein in the
presence of a large excess of unbound protein, and a reasonably
high sample throughput.

These findings reveal the great potential of SMR methods in
characterization of the interaction of nanoparticles with macro-
molecules and nanoparticles with nanoparticles in the field of
pharmaceutical sciences. For instance, a major area of appli-
cation is the characterization of a protein corona that may
be formed around the particles upon contact with biological
fluids.25,26 The significance of the issue becomes apparent when
one realizes that the formation of a corona can alter the bi-
ological identity of the nanoparticles and cause them to lose
their targeting capabilities.27,28 Another area of application
would be the aggregation of the pharmaceutical nanoparticles
in the presence of secondary moieties such as proteins, which
is particularly important because aggregates can influence the
fate of the particle-based, biological interventions.29,30 Last but
not least, nanoparticles with several pharmaceutically relevant
surface chemistries could be used as tools to study the adsorp-
tion behavior of proteins to surfaces by SMR, for example, as
function of protein concentration and formulation composition.
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