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anoparticles are widely used for a
Nvariety of biomedical applications
including targeted drug and gene
delivery. Particles for these purposes include
elastin-like protein and poly(t-lysine) and
poly(.-glutamic acid) fabricated using a
layer-by-layer technique are often hollow
and several micrometers in diameter.'
However, most nanoparticles with refined
size®* (i.e., where the ratio of standard de-
viation in the diameter to the mean dia-
meter is ~0.06—0.13) are composed of
metallic particles with potential toxicity is-
sues (quantum dots, silver particles, etc.). In
this work we examine a new way to fabricate
highly uniform nanoparticles from recombi-
nant silk-elastin-like protein polymers (SELPs),
an important class of genetically engi-
neered biomaterials, recently used for
localized gene delivery applications.> Com-
bining precise control over nanoparticle size
with precise control over polymer structure
enabled by recombinant techniques pres-
ents a unique opportunity to precisely tune
the payload and rate of release of the ther-
apeutic agents as well as their biological fate.
SELPs were first developed by Cappello
and co-workers® and are composed of ami-
no acid sequence motifs from two naturally
occurring proteins: Bombyx mori (silkworm)
silk (Gly-Ala-Gly-Ala-Gly-Ser) and mamma-
lian elastin (Gly-Val-Gly-Val-Pro). By combin-
ing the silk-like and elastin-like blocks in
several ratios and sequences, it is possible
to produce an array of SELPs with diverse
material properties useful for controlled
delivery.” In contrast to traditional polymers
used as matrixes for gene and drug delivery
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ABSTRACT Here we generate silk-elastin-like protein (SELP) polymeric nanoparticles and
demonstrate precise control over their dimensions using an electrospray differential mobility
analyzer (ES-DMA). Electrospray produces droplets encompassing several polymer strands. Evapora-
tion ensues, leading polymer strands to accumulate at the droplet interface, forming a hollow
nanoparticle. The resulting nanoparticle size distributions, which govern particle yield, depend on
buffer concentration to the —1/3 power, polymer concentration to the 1/3 power, and ratio of silk-
to-elastin blocks. Three recombinantly tuned ratios of 8:16, 4:8, and 4:16, respectively named SELP-
815K, SELP-47K, and SELP-415K, are employed, with the latter ratio resulting in a thinner shell and
larger diameter for the nanoparticles than the former. The DMA narrows the size distribution by
electrostatically classifying the aerosolized nanoparticles. These highly uniform nanoparticles have
variations of 1.2 and 1.4 nm for 24.0 and 36.0 nm particles, respectively. Transmission electron
microscopy reveals the nanoparticles to be faceted, as a buckling instability releases compression
energy arising from evaporation after the shell has formed by bending it. A thermodynamic
equilibrium exists between compression and bending energies, where the facet length is half the
particle diameter, in agreement with experiments. Rod-like particles also formed from polymer-
stabilized filaments when the viscous length exceeds the jet radius at higher solution viscosities. The
unusual uniformity in composition and dimension indicates the potential of these nanoparticles to

deliver bioactive and imaging agents.

KEYWORDS: recombinant polymers - silk-elastin-like protein polymers -
nanoparticles - hydrogels - jet-breakup - drug delivery - gas-phase electrophoretic
mobility molecular analysis

that are heterogeneous in composition,
length, or both, it has been shown that
solubility, gelation, material strength, stimuli-
sensitivity, biodegradation, and drug and  *Address correspondence to
gene release profiles of SELPs can be pre- Pease@eng.utah.edu.
cisely controlled by varying the composition o aived for review December 23, 2010
and sequence of the polymers® 2° Com-  and accepted June 22, 2011.
pared to elastin-based polymers, the silk . .
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units in SELPs enable robust hydrogel for- 10 1021/nn103585¢
mation without the need to introduce cross-
linking agents. SELPs are biocompatible = ©2011 American Chemical Society
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when used as implants and do not contain toxic
monomer residues and solvents. SELP copolymers,
depending on the number and sequence of silk
and elastin blocks, undergo an irreversible sol-to-gel
transition,®'® which is accelerated at body tempera-
ture. This accelerated gelation enhances the utility of
these copolymers for local treatment modalities, since
they can be locally injected in liquid form, gel at body
temperature, and gradually release bioactive agents
with time scales set by the structure and concentration
of the polymer.'

Despite significant advances made with these poly-
mers for localized gene delivery,® they have primarily
been used for direct injection into tissues such as solid
tumors, which due to poor accessibility and patient
inconvenience limits the broader application of these
polymers. Developing SELPs into nanoparticles that
can systemically administer bioactive agents to target
sites would be advantageous. Several techniques
are available to fabricate polymeric nanoparticles includ-
ing electrohydrodynamic atomization, microfluidic flow
focusing devices, and flash nanoprecipitation.?’ 2 How-
ever, these methods are expensive and time-consuming
and fail to produce particles over smaller size ranges (i.e.,
< 100 nm) or fail to do so precisely. Electrospray has also
been used to produce nanoparticles from elastin-like
polypeptide and poly(i-lactic acid).*>*' However, these
nanoparticles have higher coefficients of variation
(32—40%) relative to those reported here (5%), as ex-
plained later. Template techniques were also used to
produce a monodispersed population of elastin-like
hollow spheres3*** Here, in contrast we examine the
potential for electrospray-differential mobility analysis
(ES-DMA) to both directly generate and purify polymeric
nanoparticles without the addition of hazardous solvents
(see Figure 1a). ES-DMA can detect particles from 3 to
700 nm and can do so with subnanometer precision.>*

Here we propose to extend the advantages of SELP
matrixes to systemic drug and gene delivery by form-
ing them into nanoparticles using ES-DMA. Three
distinct SELP structures, SELP-47K, SELP-415K, and
SELP-815K, which are named after their number of silk
and elastin repeats (see Table 1), were synthesized
previously and evaluated for therapeutic purposes for
matrix-mediated drug and gene delivery.'®'93> Each
block has one elastin unit containing a lysine residue,
designated by K. In this article, we form these SELPs
into nanoparticles, investigate their yield, demonstrate
that they can be purified with remarkable uniformity of
size, explore the parameters that govern particle struc-
ture, and show that these nanoparticles can encapsu-
late model therapeutic agents.

RESULTS AND DISCUSSION

The primary hypothesis of this article is that SELP
nanoparticles can be produced with controlled yield
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Figure 1. (a) Schematic of electrospray differential mobility
analysis (ES-DMA) including electrospray (ES) to generate
highly charged droplets enclosing multiple polymer
strands; a neutralizer to set the charge on the drying
nanoparticles to +1, —1, or 0; a differential mobility analy-
zer (DMA) to separate particles by their charge-to-size ratio
determined trajectory by balancing electrostatic, Fg, and
drag forces, Fp; and a condensation particle counter (CPC) to
enumerate them or an electrostatic deposition chamber
(ED) to deposit them on desired substrates. The magnified
droplet depicts the nanoparticle formation process in which
the individual polymer strands entangle as the droplet
evaporates. (b) Gallery of TEM images of representative
SELP nanoparticles. Images i, iii, iv—vii, and xii are com-
posed of SELP-815K. Images ii, viii, and ix are composed of
SELP-415K, and the rest are composed of SELP-47K. Scale
bar = 25 nm.

TABLE 1. Composition of Silk-Elastin-like Protein
Polymers

polymer”  silk units elastin units ~silk-elastin blocks/strand mol. wt (kDa)
SELP-47K 4 8 13 69.8
SELP-415K 4 16 8 715
SELP-815K 8 16 6 65.3

“Please see Scheme ST in Supporting Information for amino acid sequences of the
polymers.

and selectivity. These highly uniform nanoparticles
form from electrospray droplets that capture multiple
polymer strands (see Figure 1a). Evaporation ensues,
simultaneously shrinking the droplet diameter and
leading to accumulation of polymer at the droplet
interface. The polymer forms a thin film or shell around
the exterior of the droplet. Further evaporation com-
presses the shell and concentrates the polymer re-
maining in the core.

Figure 1b shows a gallery of representative transmis-
sion electron microscopy (TEM) images of the nanopar-
ticles thus formed (see Figures ST and S2 in the
Supporting Information for enlarged image and addi-
tional nanoparticle images). Most of the nanoparticles are
approximately spherical and display modest faceting,
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Figure 2. (a) Size distributions of nanoparticles fabricated from polymers SELP-815K (green a), SELP-415K (red W), and SELP-
47K (blue ) at polymer weight fraction and buffer concentration of w, = 0.00133 and C;, = 2 mM, respectively. Number
density is the number of particles/cm? of gas flow through the CPC at a rate of 1.5 L/min. The insets show micrographs of SELP-
815K nanoparticles electrostatically collected on TEM grids (dark line) from peaks in the size distribution at 24.0 and 36.0 nm,
respectively, to demonstrate the size selectivity of the DMA. (b) Histograms representing the diameter of nominally 24.0 and
36.0 nm SELP-815K nanoparticles as determined from TEM following electrostatic deposition. The mean and standard
deviation of the size distribution of these particles are 24.2 & 1.2 nm and 35.8 & 1.4 nm, respectively.

although some are elongated with sharp facets. Figure 2
shows that these nanoparticles are also heterogeneous in
size, with diameters ranging from 5 nm to over 60 nm,
which is not atypical of nanoparticles formed from tradi-
tional techniques (see Figure S3a in the Supporting
Information). For this reason we purify these nanoparti-
cles by size using a DMA (see Figure 1a). The remainder of
this article is dedicated to elucidating the factors that
govern the size selectivity, yield, and structure of these
SELP nanoparticles.

The prominent feature of these recombinant nano-
particles is their uniformity after size purification
through the DMA. Figure 2a shows that prior to
separation the particles are heterogeneous in size.
The width and mean of the distribution of diameters
depend on several factors including the polymer com-
position. The three SELPs selected for this study have
approximately equal molecular weights ranging from
65 to 72 kDa (see Table 1) but distinct silk-to-elastin
ratios of approximately 1/2 for SELP-47K and SELP-
815K and 1/4 for SELP-415K. Figure 2a suggests that
decreasing this ratio leads to wider distributions. How-
ever, following size separation using the DMA, the
distributions narrow dramatically. The insets to
Figure 2a show nanoparticles collected at two sizes,
while Figure 2b shows two histograms of the nano-
particle diameter each assembled from nearly 200 TEM
images of nominally 24.0 or 36.0 nm SELP particles
collected at the indicated positions in Figure 2a.

Statistical compilation and Gaussian curves in
Figure 2b show the standard deviation on the diameter
of these DMA selected particles to be 1.2 and 1.4 nm for
the nominally 24.0 and 36.0 nm sizes, respectively. A
Gaussian distribution is not unexpected because Stol-
zenberg indicates that diffusional broadening within
the DMA contributes to instrument uncertainty and
follows this distribution.>*3 In net, this leads to coeffi-
cients of variation of <5%, which is equal to or better
than those reported for metallic nanoparticles and
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rivals that of biologically assembled particles such as
viruses.>*®7° These results demonstrate that ES-DMA
can both generate and purify polymeric nanoparticles
with high dimensional uniformity.

The size distributions also depend on the polymer
concentration or weight fraction, wp, and buffer concen-
tration, G, (see Figure S3c and S3d in the Supporting
Information). These two parameters are important be-
cause they provide the ability to tune the yield of particles
selected by the DMA by positioning the peak maximum
at the diameter selected for size purification. By tuning
the experimental conditions (simply changing w, and
Cp), we can optimize the yield (e.g., by lowering Cj, and/or
raising wp,) to obtain larger particles. Figure 3a shows that
increasing wp, leads to larger nanoparticles with a power
law dependence of d, ~ w,'". Conversely, Figure 3b
shows that increasing C,, leads to smaller nanoparticles
with a power law dependence of d, ~ G, 2.

The exponents in Figure 3 follow directly by compar-
ing the polymer mass contained in the droplet before
evaporation (prwﬂdd,op3/6) and the nanoparticle
after evaporation (ppndp3/6). Equating the two masses
gives an expression for the particle diameter, d, =
(0w o) daropW,'?, where p,, and p, are densities of
polymer in the droplet and particle, respectively, and
darop is the diameter of the electrospray droplet.
Because polymer concentration in the droplet is initi-
ally very modest, the density of the droplet is essen-
tially that of pure water. The mass balance immediately
explains the dependence of the particle diameter on
the weight fraction of the polymer in Figure 3a.
Furthermore, de la Mora, et al.,*' reports that dyrop
depends on the buffer conductivity, k, as darop ~ k'3,
and we find experimentally that « depends linearly on
Cp, (see Figure S3b in the Supporting Information).
Substituting G, for « yields d, ~ C, ", in excellent
agreement with Figure 3b.

Figure 3a also illustrates that SELP-415K nanoparti-
cles follow trends distinct from those of SELP-47K
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Figure 3. (a) Experimental mobility diameter, d,, (see Figure 2a), versus polymer concentration, w,, to the 1/3 power for SELP-
415K (blue #), SELP-47K (red M), and SELP-815K (green A) at C, = 2 mM. (b) Mobility diameter versus buffer concentration, Cy,,
to the —1/3 power at w,, = 0.00133. Linearity confirms choice of exponent.

and -815K, depending on the polymer concentration. As
the droplet evaporates, polymer strands accumulate at
the interface, forming a shell. When the cross-linking
reaction is slower than the evaporation rate, silk and
elastin units in the SELPs start to cross-link after the shell
has formed. After complete evaporation, compression
forces are released, resulting in expansion of the elastin
units. The percentages of cross-linkable units in SELP-47K
and -815K are similar to one another and approximately
double that of 415K."® This lower cross-linking density of
SELP-415K allows the elastin units to expand more,
yielding a particle with larger diameter and thinner shell.
However, particles of SELP-47K and -815K remain smaller
due to more cross-linking. This prediction of thinner shells
in SELP-415K is supported by the shell thickness mea-
surements, which show that SELP-415K, -47K, and -815K
have an average shell thickness of 4.8 + 1.4,6.0 +- 0.8,and
6.2 + 0.8 nm, respectively (sample size = 32 shells), for
particle sizes of 29, 25, and 24 nm. The difference in the
average shell thicknesses of SELP-47K and -415K is sig-
nificant at a 99% confidence level based on Student's t
test, whereas that of SELP-47K and -815K is not signifi-
cant. These observations are also consistent with the
physicochemical properties of these polymers investi-
gated previously, where the modulus of elasticity of SELP-
415K is lower than that of SELP-47K and SELP-815K.'®
Surprisingly, several of the SELP particles in Figure 1b
are faceted or display nearly straight edges, as magnified
in Figure 4a. TEM diffraction studies (data not shown)
found no indication of ordering, suggesting that crystal-
lization of the polymer was not responsible for the
faceting. However, most of the TEM images suggest an
increased density of the polymer on the SELP particle
perimeter, and these edges are not sharp as expected of
crystallization, leading to the hypothesis that a buckling
instability*? may be responsible for the apparent faceting.
In this scenario, electrospray droplets, consisting of SELP,
water, and ammonium acetate selected for its volatility,
immediately begin to dry. As the solvent evaporates, the
polymer strands accumulate at the air—water surface and
tangle or gel into a thin film or shell.**** Further evapora-
tion compresses the shell, developing compression stres-
ses that the entangled strands cannot completely relax by
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shrinking the particle perimeter. As more solvent evapo-
rates through the shell, its compression energy increases
further until it becomes energetically favorable for the
shell to bend to relieve circumferentially applied compres-
sion energy. Figure 4b shows a diagram of this process.
Landau and Liftshitz show that the compression and
bending energies, E. and £y, scale as
2 342

E = 25’? Ledy and Ey, = L;d‘iff (1)
where E is elastic modulus, h is shell thickness, ¢ is the
displacement of points on the shell from an ideal sphere
in the bending strip defined as 0d,, (see Figure 4b), and L;
represents the facet length of a SELP nanoparticle (see
Figure 42)% In the neighborhood of a bend, the local
bending diameter representing the local curvature of the
particle is given as dj, and the diameter of the particle is
estimated by summing the lengths of each facet and
dividing by 7, such that d, = > L{/7. The sum of these two
energies may be minimized with respect to dy, to find dj, =
37h'2d,"?27"2, We scale dy, on L¢ such that this
dimensionless ratio varies between zero and unity
and substitute L¢ = d,, sin 0, where 0 is related to the
number of sides or facets, n, by 6 = 7t/n. Then,

d 3T
L 2 \dp sin(zz/n)

Figure 4c shows the relationship between these dimen-
sionless ratios (dy/Ls and 2h/dp,) for n ranging from 4 to 8.
Each parameter in eq 2 can be estimated experimentally
from TEM images (like Figure 4a) for SELP nanoparticles.
Comparing experiment to theory in Figure 4c shows good
quantitative agreement, confirming the hypothesis that a
buckling instability governs facet formation. Remarkably,
Figure 4c also indicates that the nanoparticles are essen-
tially hollow with the shell comprising 10—40% of the
particle radius. This can be confirmed by a mass balance
where the nanoparticle volume is given by ,opn[dp3 — (dp—
h)?1/6 such that

,,_%

3
~ P Fron” } 3)
Pp dp
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Figure 4. (a) TEM micrograph depicting the length of a facet, L, on a 36 nm diameter SELP nanoparticle with d}, ~ 3—4 nm. (b)
Diagram showing the three stages of SELP nanoparticle growth, namely, (i) evaporation of an electrospray droplet containing
polymer strands, (ii) accumulation and entanglement of the strands at the droplet surface until a thin film gels to form a shell
of thickness h, and (iii) buckling of the shell to relieve compression energy, F., by bending to reveal the facets of panel (a). (c)
Ratio of the bend diameter, dy,, to the length of the facet, L, versus the ratio of the shell thickness, h, to the particle diameter,
d,,. The solid lines represent eq 2, the symbols represent color-coordinated experimental data, and the numbers to the right
represent the number of facets. (d) The mean and standard deviation (as an error bar) of the equivalent diameter (red) and
facet length (blue) following electrostatic deposition at two nominal sizes for each of the three polymers (see Table 1).

Evaluating the data points in Figure 3 using eq 3 also leads

to the conclusion that the nanoparticles are hollow.
Experimentally we find that SELP nanoparticles pos-

sess 4 to 7 facets with the preponderance having 5 or 6,
indicating that d,/L¢ should be 2.00 + 0.30 from the
particle geometry considerations in Figure 4b. This ratio
can also be determined from 200 nanoparticles captured
in TEM images for each of the three polymers at two sizes
(25.0 and 39.0 nm for SELP-47K, 29.0 and 38.0 nm for
SELP-415K, and 24.0 and 36.0 nm for SELP-815K) with
smaller sizes corresponding to peak maxima. Figure 4d
shows the compiled means and standard deviations
(error bars represent 10) for L¢ and d,. Comparing the
particle diameter and facet length finds d,/Ls = 1.95 &+
0.41, which is also in good agreement with theory.
Notably the variation in the nanoparticle size remains
uniform regardless of diameter in this size range.
Figure 1b also shows several of the nanoparticles to
be elongated and rod-shaped (see bottom row). These
particles form when the electrospray instability that
leads to droplet formation is suppressed.*® At the exit
of the electrospray capillary (see Figure 1a) large
electric fields lead to the formation of a Taylor cone,
from which a narrow jet emerges. As the jet evolves
from the tip of the capillary, a varicose or symmetric
perturbation grows on the surface of the jet character-
ized by a differential radius, L,, as depicted in Figure 5a.
Eggers and Christiani, et al,*”*® indicate that the jet
breaks up into droplets when 2L,/dje; remains less than
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Figure 5. (a) Growth of varicose instability with character-
istic period and radius of 1 and L, on an electrospray jet of
diameter de.. (b) Ratio of the characteristic radius of the
instability to the diameter of the jet versus the polymer
concentration for « = 1.238 S/m (red M) (C,, = 45 mM and
ddrop = 100 Nnm), « = 0.303 S/m (blue ®) (C, =11 mM and
dgrop = 200 nm), and « = 0.028 S/m (green A) (C, = 0.2 mM
and dgyop = 300 nm). The jet breaks up into droplets for 2L,/
djet < 1 and remains as a thread or rod-like structure for 2L,/
djet > 1. Mostly spherical and some rod-like structures are
formed at w, =0.001 33 and C, =2 mM, as shown in panels i,
i, and iii, due to variations in dje.

unity but remains as polymeric filaments when this
ratio exceeds unity. The numerator is given by Eggers
as L, = i;>/py,*® where u, p, and y are the dynamic
viscosity, density, and surface tension of the polymer
solution. However, dje. is not known a priori but must
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Figure 6. Size distribution of SELP-815K polymer (red W) at a concentration of w,, = 0.00066 in ammonium acetate buffer at
Cp =2 mM mixed with (a) GFP-labeled DNA plasmids (103 #g/mL) (blue ) and (b) fluorescein isothiocyanate (FITC, 1.8 mg/mL)

(blue #).

be inferred from the model of Christianti, as described
in the Methods section. The ratio depends on both the
polymer concentration and the conductivity of the
electrospray solution, as shown in Figure 5b. Either
increases the probability of thread formation.

This comports with our experimental observations.
First, increasing the polymer weight fraction to 0.0025
exclusively produces long strands that can be ob-
served visually at the tip of the Taylor cone. Second,
depositing all particles emerging from the electrospray
at w, = 0.0013 and C, = 2 mM finds a minority of
particles to be rod-shaped, commensurate with the
uncertainty in dj. (see Figure S4 in the Supporting
Information). The ability to select for or against rod-like
particles is important since it has recently been shown
that the shape of nanoparticles can influence biodis-
tribution and cellular uptake.**>°

Finally, we demonstrate that these highly uniform
nanoparticles may be developed into carriers of ther-
apeutic agents. The advantages of doing so are not

MATERIALS AND METHODS

The three SELPs mentioned in Table 1 and collagen-like protein
polymer (US patent 5,773,249; Inventors: Joseph Cappello and
Franco A. Ferrari) were biosynthesized as described previously.'®
The polymers were stored at —80 °C until diluted in ammonium
acetate buffer to the concentrations listed in the figures.

Nanoparticles were fabricated using an electrospray droplet
evaporation technique. An ES aerosol generator (TSI 3480) uses
pressure-driven flow through a 25 um capillary. At the tip of
the capillary, a voltage was applied to form a Taylor cone.
Droplets emitted from the cone were entrained in a mixed
stream of air and carbon dioxide at atmospheric pressure.3®
Typical droplets spanned 150 to 300 nm in diameter, though
larger sizes were possible.”'2 Several polymer strands resided
within each droplet. As the jet broke up into droplets, they
passed through a charge neutralizer (Po-210) to reduce the net
charge on the aerosolized droplet to a single net charge.”'>3~>°
In the charge neutralizer, as solvent evaporated, the droplet
dried and polymeric nanoparticles were formed. Because the
droplet size and spatial distribution of strands within the liquid
droplet were not necessarily monodisperse and uniform, nano-
particles formed with a distribution of diameters. They entered a
differential mobility analyzer (DMA-TSI 3085), where they were
purified on the basis of their charge-to-size ratio.38°26~%8
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only in the precision of the nanoparticle dimensions
and tunability of the polymer properties but the ease
with which therapeutic agents can be incorporated
within these particles. Simply including the therapeutic
agent in the polymer solution to be electrosprayed
leads to incorporation within the nanoparticle. To
demonstrate, we mixed SELP-815K, a polymer shown
to maximize duration and extent of gene expression,'®
with plasmid DNA and fluorescein isothiocyanate
(FITC) in Figure 6a and b, respectively. In both cases a
new peak arises 7—8 nm from the primary peak and
the distribution of all particles is wider. The new peaks
in the size distributions are remarkably repeatable and
strongly indicate the incorporation of these model
agents of gene and drug delivery into the SELP nano-
particles (see Figure S5 in the Supporting Information
for plasmid size distribution). Further work is underway
to analyze their drug release rates and degradation
properties both in vitro and in vivo to prepare the way
for their use in gene delivery applications.

Voltage was supplied to the nano-DMA through a high-voltage
supply (Bertan 205B-10R).

Within the DMA an aerosolized particle in an electric field, E,
carrying n. electric charges experienced an electrostatic force
dragging it toward the electrode. The particle very quickly
reached its terminal velocity, v, and the electrostatic force acting
on the particle was balanced by a resulting drag force on the
particle, given by Stokes law, which determines the electrical
mobility of a particle,® as shown in Figure 1a (see Supporting
Information for details). Combining particle and instrument
mobilities determines the mobility diameter, d,,, of the particle
and is given by

do _

Ce

2neeVL

r (4)
31ugqshln E

where the diameter-dependent C. is the Cunningham slip
correction factor,®® e is the elementary charge on the particle
(1.602 x 107" Q), Vis the average voltage on the collector rod
inside the DMA, g, is the sheath flow (nitrogen), u4 is the gas
viscosity, L is the length between polydisperse aerosol inlet and
exit slit (4.987 cm), ry is the inner radius of annular space of the
DMA (0.937 cm), and r is the outer radius of annular space of
the DMA (1.905 cm).
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Monodispersed aerosol flow exiting the DMA was measured
in concentration through an ultrafine condensation particle
counter (CPC-TSI 3776) by collecting data for 17 s with a 3 s
interval between each measurement or was deposited on a
desired substrate (TED PELLA 01824) for TEM imaging using a
nanometer aerosol sampler (TSI 3089), which exerts an electric
field that collects charged particles from the inlet onto a portion
of the substrate.”” Figure 1a shows a schematic of this setup.
The combined electrospray differential mobility analysis system
is termed ES-DMA or gas-phase electrophoretic mobility mo-
lecular analysis (GEMMA).>1°

A transmission electron microscope, FEI Tecnai T-12, was
used at high tension (120 kV) to obtain the images of the
polymeric nanoparticles. TEM microscopy revealed that these
particles have several facets (edges, explained above), and the
equivalent diameter was approximated from the TEM images as
dy= Z,Lf'/:t, which is exact for a sphere, where, Lfi is the length of
facet i (see Figure 4a). Histograms were constructed for d,, and
average L¢ (Figure 2b and Figure 4d) using a midpoint labeled bin.

Sugar solutions in ammonium acetate (2 mM) were used to
evaluate the size of the electrospray droplets (see Figure S4 in
the Supporting Information). A mass balance between the
droplet and the sugar particle yields a relation that the droplet
diameter (dyrop) is ~19 times the particle diameter (d,) (see eq
S3 in the Supporting Information). A 20 mmol/L ammonium
acetate solution (pH ~ 8) was prepared using milli-Q water,
purified by a milli-Q integrated water purification system from
Millipore, Inc. Acetic acid and ammonium hydroxide were used
to adjust the pH to ~8. Milli-Q water was used for dilution to
obtain the reported buffer concentrations. This ensures negli-
gible contribution of nonvolatile salts from the buffer.

The diameter of the jet is a strong function of the viscosity of
the solution,*® and the viscosity of all three polymers under
experimental conditions was measured (see Figure S6a in the
Supporting Information) using a calibrated semimicrovisc-
ometer (Cannon-Manning 9722-D50). A pipet gun was used
to apply suction pressure on a glass capillary tube to ensure that
humidity did not affect the viscosity measurements. Table 2
gives the values of dynamic viscosity of polymers at different
concentrations. Experimental conditions can be found in the
Supporting Information. Capillary forces, viscous forces, and
electrical stresses govern the growth rate of the perturbation
and are characterized by the dimensionless wavenumber, k' =
ndiet/A, Which captures the disturbance frequency, the ratio
of electrical stress to surface tension, Rgs = oczdjet/4yso, and
the Ohnesorge number, Oh = u/(ypdier) %, which captures the
ratio of viscous forces to capillary forces.**®"%> Here, djc, is the
diameter of the jet, o, is the surface charge density, and & is the
permittivity of free space. The perturbation growth rate is a
function of dj; and 4 (see Figure 5a), calculated using the
dispersion relation*®

224+K?

" +2'20hu K’ PR
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and a mass balance on the jet and droplet,

/2
23\
djer = ( 3 ;”) ()

The jet-breakup phenomenon occurred linearly at the max-
imum growth rate (see Figure S6b and eq S4 in the Supporting
Information), and this jet diameter depended on the droplet
diameter. Reasonable initial guesses for djec and 4 yield the
maximum growth rate and a corresponding dimensionless
wavenumber, k'. k' gives a new characteristic period A,ew, and
using this value, eq 6 gives a new jet diameter, dj"*" for a
particular droplet diameter (100—300 nm as in Figure 5b). The
maximum growth rate is calculated for this new set of values,
and iterations continue until 1T — d,-et”e‘”/djet"'d < 104 yielding
de: for different droplet diameters (Figure 5b). When 2L, /dje; < 1,
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TABLE 2. Dynamic Viscosities of SELPs at Different
Weight Concentrations

polymer concentration (wt fraction) viscosity (mPa-s)
SELP-47K 133 % 10°° 1.3
088 %1073 1.19
0.66 % 1073 117
044 %1073 1.13
SELP-415K 133 % 1073 130
088 %1073 1.24
0.66 x 1073 1.15
044 % 1073 1.09
SELP-815K 133 % 1073 1.26
088 %1073 1.2
0.66 % 1073 1.18
044 % 1073 1.12

the jet breaks up into droplets, and when the ratio is > 1, threads
are formed.®? For our system, the values of the dimensionless
numbers are k' = 0.494—1.819, Regs = 0.404—1.85, and Oh =
0.466—1.18.

Using the ES-DMA fabrication method ~3 x 107 particles can
be produced per minute. Industrially, there are several ways to
scale-up the throughput. However, the value of the current
technique is in separation of the particles not in the way
droplets are produced. ES-DMA technique can also be applied
to other protein polymers (see Figure S7 in the Supporting
Information).
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