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8.9: Characterization of Bionanoparticles by Electrospray-Differential Mobility
Analysis

|Electrospray-differential mobility analysis (ES-DMA) is an analytical technique that uses first an electrospray to aerosolize
particles and then DMA to characterize their electrical mobility at ambient conditions. This versatil tool can be used to quantitative
characterize biomolecules and nanoparticles from 0.7 to 800 nm. In the 1980s, it was discovered that ES could be used for
producing aerosols of biomacromolecules. In the case of the DMA, its predecesor was developed by Hewitt in 1957 to analize
charging of small particles. The modified DMA, which is a type of ion mobility analyzer, was developed by Knuts}on and Whitby
(Figure 8.9.1\) in 1975 and later it was commercialized. Among the several designs, the cylindrical DMA has become the standard
design and has been used for the obtention of monodisperse aerosols, as well as for the classification of polydisperse aerosols.

Figure 8.9.1 American engineer K. T. Whitby (1925-1983).

The first integration of ES with DMA ocurred in 1996 when this technique was used to determine the size of different globular
proteins. DMA was refined over the past decade to be used in a wide range of applications for the characterization of polymers,
viruses, bacteriophages and nanoparticle-biomolecule conjugates. Although numerous publications have reported the use of ES-
DMA in medicinal and pharmaceutical applications, this present module describes the general principles of the technique and its
application in the analysis of gold nanoparticles.

How Does ES-DMA Function?

ES-DMA consits of an electrospray source (ES) that aerosolizes bionanoparticles and a class of ion mobility analyzer (DMA) that
measures their electrical mobility by balancing electrical and drag forces on the particles. DMA continously separates particles
based on their charge to size ratio. An schematic of the experimental setup for ES-DMA is shown in Figure 8.9.2 for the analysis
of gold nanoparticles.
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Figure 8.9.2 Schematic of experimental setup for ES-DMA. Reprinted with permission from D. Tsai, R. A. Zangmeister, L. F.
Pease I1I, M. J. Tarlov, and M. R. Zachariah. Langmuir, 2008, 24, 8483. Copyright (2015) American Chemical Society.
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The process of analyzing particles with ES-DMA involves four steps:

First, the analyte dissolved in a volatile buffer such as ammonium acetate [NH4][O2CCH3] is placed inside a pressure chamber.
Then, the solution is delivered to the nozzle through a fused silica capillary to generate multiply charged droplets. ES nebulizers
produce droplets of 100-400 nm in diameter but they are highly charged.

In the next step, the droplets are mixed with air and carbon dioxide (CO2) and are passed through the charge reducer or neutralizer
where the solvent continues to evaporate and charge distribution decreases. The charge reducer is an ionizing « radiation source
such as Po210 that ionizes the carrier gas and reduces the net charges on the particles to a Fuchs’-Boltzmann distribution. As a
result, the majority of the droplets contain single net charge particles that pass directly to the DMA. DMA separates positively or
negatively charged particles by applying a negative or positive potential. Figure 8.9.3 shows a single channel design of cylindrical
DMA that is composed of two concentric electrodes between which a voltage is applied. The inner electrode is maintained at a
controlled voltage from 1V to 10 kV, whereas the outer electrode is electrically grounded.
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Figure 8.9.3 Basic principle of a general DMA. Adapted from P. Intra and N. Tippayawong. Songklanakarin J. Sci. Technol., 2008,

30, 243-256.
In the third step, the aerosol flow (Qa) enters through a slit that is adjacent to one electrode and the sheath air (air or N2) flow (Qs)
is introduced to separate the aerosol flow from the other electrode. After a voltage is applied between the inner and outer
electrodes, an electric field is formed and the charged particles with specific electrical mobility are attracted to a charged collector
rod. The positions of the charged particles along the length of the collector depend on their electrical mobility (Zp), the fluid flow
rate and the DMA geometry. In the case of particles with a high electrical mobility, they are collected in the upper part of the rod
(particles a and b, Figure 8.9.4) while particles with a low electrical mobility are collected in the lower part of the rod (particle d,
Figure 8.9.3.

(Qs + Qa)ln(RZ)

Zy = i

(8.9.1)

With the value of the electrical mobility, the particle diameter (dp) can be determined by using Stokes’ law as described by 8.9.2,
where n is the number of charge units, e is the elementary unit of charge (1.61x10-19C), Cc is the Cunningham slip correction
factor and p is the gas viscosity. C. 8.9.3, considers the noncontinuum flow effect when dp is similar to or smaller than the mean
free path (A) of the carrier gas.

n.C.
= — 8.9.2
P 37T/.1,Zp ( )
2\ —1.10dp
C.=1+ d—[1.257 + 0.4e " ] (8.9.3)
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In the last step, the size-selected particles are detected with a condensation particle counter (CPC) or an aerosol electrometer (AE)
that determines the particle number concentration. CPC has lower detection and quantitation limits and is the most sensitive
detector available. AE is used when the particles concentrations are high or when particles are so small that cannot be detected by
CPC. Figure 8.9.4 shows the operation of the CPC in which the aerosol is mixed with butanol (C4H90H) or water vapor (working
fluid) that condensates on the particles to produce supersaturation. Hence, large size particles (around 10 pm) are obtained, detected
optically and counted. Since each droplet is approximately of the same size, the count is not biased. The particle size distribution is
obtained by changing the applied voltage. Generally, the performance of the CPC is evaluated in terms of the minimum size that is
counted with 50% efficiency.
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Figure 8.9.4 Working principle of the condensation particle counter (CPC). Reprinted from Trends in Biotechnology, 30, S. Guha,
M. Li, M. J. Tarlov, and M. R. Zachariah, Electrospray-differential mobility analysis of bionanoparticles, 291-300, Copyright
(2015), with permission from Elsevier.

What Type of Information is Obtained by ES-DMA?

ES-DMA provides information of the mobility diameter of particles and their concentration in number of particles per unit volume
of analyzed gas so that the particle size distribution is obtained as shown in Figure 8.9.10. Another form of data representation is
the differential distribution plot of AN/Alogd, vs d, (Figure 8.9.11 This presentation has a logarithmic size axis that is usually
more convenient because particles are often distributed over a wide range of sizes.
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Figure 8.9.5 Size distribution of human serum albumin, [p/cc]: particles per cubic centimeter. Reprinted with permission from S. T.
Kaufman, J. W. Skogen, F. D. Dorman, and F. Zarrin. Anal. Chem., 1996, 68, 1895-1904. Copyright (2015) American Chemical

Society.

How Data from ES-DMA is processed?

To obtain the actual particle size distribution (Figure), the raw data acquired with the ES-DMA is corrected for charge correction,
transfer function of the DMA and collection efficiency for CPC. Figure 8.9.6 illustrates the charge correction in which a charge
reducer or neutralizer is necessary to reduce the problem of multiple charging and simplify the size distribution. The charge
reduction depends on the particle size and multiple charging can be produced as the particle size increases. For instance, for 10 nm
particles, the percentages of single charged particles are lower than those of neutral particles. After a negative voltage is applied,
only the positive charged particles are collected. Conversely, for 100 nm particles, the percentages of single charged particles
increase and multiple charges are present. Hence, after a negative bias is applied, +1 and +2 particles are collected. The presence of
more charges in particles indicates high electrical mobility and
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Figure 8.9.6 Data processing for the charge correction in the aerosol phase. Reprinted from Trends in Biotechnology, 30, S. Guha,

M. Li, M. J. Tarlov, and M. R. Zachariah, Electrospray-differential mobility analysis of bionanoparticles, 291-300, Copyright

(2015), with permission from Elsevier.
The transfer function for DMA modifies the input particle size distribution and affects the resolution as shown in Figure 8.9.7. This
transfer function depends on the operation conditions such as flow rates and geometry of the DMA. Furthermore, the transfer
function can be broadened by Brownian diffusion and this effect produces the actual size distribution. The theoretical resolution is
measured by the ratio of the sheath to the aerosol flow in under balance flow conditions (sheath flow equals excess flow and
aerosol flow in equals monodisperse aerosol flow out).
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Figure 8.9.7 Data processing for transfer function for DMA. Reprinted from Trends in Biotechnology, 30, S. Guha, M. Li, M. J.
Tarlov, and M. R. Zachariah, Electrospray-differential mobility analysis of bionanoparticles, 291-300, Copyright (2015), with
permission from Elsevier.
The CPC has a size limit of detection of 2.5 nm because small particles are difficult to activate at the supersaturation of the working
fluid. Therefore, CPC collection efficiency is required that consists on the calibration of the CPC against an electrometer.

o Applications of ES-DMADetermination of molecular weight of polymers and proteins in the range of 3.5 kDa to 2 MDa by
correlating molecular weight and mobility diameter.

o Determination of absolute number concentration of nanoparticles in solution by obtaining the ES droplet size distributions and
using statistical analysis to find the original monomer concentration. Dimers or trimers can be formed in the electrospray
process due to droplet induced aggregation and are observed in the spectrum.

¢ Kinetics of aggregation of nanoparticles in solution by analysis of multimodal mobility distributions from which distinct types
of aggregation states can be identified.

¢ Quantification of ligand adsorption to bionanoparticles by measuring the reduction in electrical mobility of a complex particle
(particle-protein) that corresponds to an increase in mobility diameter.

Characterization of SAM-functionalized Gold Nanoparticles by ES-DMA

Citrate (Figure 8.9.8 tabilized gold nanoparticles (AuNPs)) with diameter in the range 10-60 nm and conjugated AuNPs are
analyzed by ES-DMA. This investigation shows that the formation of salt particles on the surface of AuNPs can interfere with the
mobility analysis because of the reduction in analyte signals. Since sodium citrate is a non volatile soluble salt, ES produces two
types of droplets. One droplet consists of AuNPs and salt and the other droplet contains only salt. Thus, samples must be cleaned
by centrifugation prior to determine the size of bare AuNPs. Figure 8.9.9 presents the size distribution of AuNPs of distinct
diameters and peaks corresponding to salt residues.
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Figure 8.9.8 Structure of citrate that provides charge stabilization to AuNPs.
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Figure 8.9.9 Particle size distribution of 10 nm, 30 nm and 60 nm AuNPs after centrifugation cleaning. Reprinted with permission
from D. Tsai, R. A. Zangmeister, L. F. Pease III, M. J. Tarlov and M. R. Zachariah. Langmuir, 2008, 24, 8483. Copyright (2015)

American Chemical Society.
The mobility size of bare AuNPs (dp0) can be obtained by using 8.9.4, where dp,m and ds are mobility sizes of the AuNPs
encrusted with salts and the salt NP, respectively. However, the presence of self-assembled monolayer (SAM) produces a difference
in electrical mobility between conjugated and bare AuNPs. Hence, the determination of the diameter of AuNPs (salt-free) is critical
to distinguish the increment in size after functionalization with SAM. The coating thickness of SAM that corresponds to the change
in particle size (AL) is calculated by using 8.9.5, where dp and dp0 are the coated and uncoated particle mobility diameters,

respectively.
dpo = \J/d3m — d3 (8.9.4)

AL = d, — dy (8.9.5)

In addition, the change in particle size can be determined by considering a simple rigid core-shell model that gives theoretical
values of AL1 higher than the experimental ones (AL). A modified core-shell model is proposed in which a size dependent effect
on AL2 is observed for a range of particle sizes. AuNPs of 10 nm and 60 nm are coated with MUA (Figure 8.9.10), a charge
alkanethiol, and the particle size distributions of bare and coated AuNPs are presented in Figure. The increment in average particle
size is 1.2 £ 0.1 nm for 10 nm AuNPs and 2.0 + 0.3 nm for 60 nm AulNPs so that AL depends on particle size.
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Figure 8.9.10 Structure of 11-mercaptoundecanoic acid (MUA).
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Figure 8.9.11 Particle size distributions of bare versus MUA-coated AuNP for (a) 10 nm and (b) 60 nm. (c) A comparison of
predicted AL from experiment (diamonds) with theory (AL1 in dashed lines and AL2 in solid lines). Reprinted with permission

from D. Tsai, R. A. Zangmeister, L. F. Pease III, M. J. Tarlov, and M. R. Zachariah, Langmuir, 2008, 24, 8483. Copyright (2015)
American Chemical Society.
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Advantages of ES-DMA

e ES-DMA does not need prior information about particle type.

o It characterizes broad particle size range and operates under ambient pressure conditions.

o A few pL or less of sample volume is required and total time of analysis is 2-4 min.

e Data interpretation and mobility spectra simple to analyze compared to ES-MS where there are several charge states.

Limitations of ES-DMA

o Analysis requires the following solution conditions: concentrations of a few hundred pg/mL, low ionic strength (<100 mM) and
volatile buffers.

o Uncertainty is usually + 0.3 nm from a size range of a few nm to around 100 nm. This is not appropriate to distinguish proteins
with slight differences in molecular weight.

Related Techniques

A tandem technique is ES-DMA-APM that determines mass of ligands adsorbed to nanoparticles after size selection with DMA.
APM is an aerosol particle mass analyzer that measures mass of particles by balancing electrical and centrifugal forces. DMA-
APM has been used to analyze the density of carbon nanotubes, the porosity of nanoparticles and the mass and density differences
of metal nanoparticles that undergo oxidation.
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