Natural extract-polymer monodisperse submicron particles from Plateau-

Rayleigh microjets

Elena Barbero-Colmenar 2, Eszter Bodnar 2, Joan Rosell-Llompart 2b*

2 Department of Chemical Engineering, Universitat Rovira i Virgili, E-43007, Tarragona, Spain
® Catalan Institution for Research and Advanced Studies - ICREA, E-08010, Barcelona, Spain

Abstract

Particles of interest in food, pharmaceutical, and nutraceutical sectors are often formulated with a
polymer and one or more natural or synthetic active compound. The two components frequently have
distinct hydrophilicity. Submicrometric particles with narrow size dispersion can be made by the
droplet-to-particle route by electrospray. In the steady cone-jet mode a liquid Taylor cone (TC)
continuously emits a Plateau-Rayleigh microjet which breaks up spontaneously and periodically into
tiny droplets, which later dry up to form solid particles. To achieve a stable process of this kind, we
argue that it is necessary to: (i) operate near the minimum solution flow rate compatible with TC
stability, (ii) prevent the drying of the TC by surrounding it with a gentle gas stream saturated in
solvent vapor, and (iii) monitor the electric current and image the TC. We demonstrate this process in
the preparation of curcumin (CUR) loaded polyvinylpyrrolidone (PVP) submicrometric particles as a
function of solution composition and ambient relative humidity. In the atomization step (jet and droplet
formation), the initial droplet size and charge are determined by the liquid properties and flow rate.
The particles’ shapes were spherical (with or without internal voids), corrugated due to shell buckling
(with compact interiors), and filamented due to Coulombic instabilities, depending on the interplay of
different factors at the droplet drying step. These included the droplet size and charge, solvent
evaporation, solute diffusion, water uptake from the ambient, mechanical forces, and solution
thermodynamics. The electric current and droplet size are suitably predicted by scaling laws developed
for simple Newtonian fluids. Hence, our particle sizes lie always between the predicted droplet and
compact-sphere sizes, at a distance which depends on the particle morphology. CUR-loaded PVP
guasi-monodisperse submicron particles could be an interesting model for drug delivery and

biomedical applications.
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1. Introduction

Droplet-to-particle conversion offers a versatile and efficient manufacturing route for powder
production, applicable to diverse materials, particle sizes and morphologies [1]. The particles often
consist of polymers and natural or synthetic additives which have distinct hydrophilicity, bringing
richness to the particle formation mechanisms, and thus to the particle morphologies. Industrially,
Spray Drying is the most widely used droplet-to-particle approach, being suitable for preparing food,
pharmaceutical, and nutraceutical particles [2-5]. Yet, an unmet challenge of Spray Drying is
achieving narrow dispersion of the particle size (e.g., GSD <1.2) in the submicron range (<1 pm in

diameter) [4,6-8].

The key to obtaining small uniform particles by the droplet-to-particle route lies in making
small and uniformly sized droplets in the liquid atomization step. Electrospray (ES), also known as
electrohydrodynamic atomization or EHDA, is a liquid atomization method uniquely capable of
producing very fine droplets with very narrow size dispersion [9-11] unlike more conventional
hydrodynamic, pneumatic and ultrasonic liquid atomization methods typically employed in Spray
Drying [12-15]. In addition, ES is free of nozzle clogging problems, unlike jet atomization
technologies using micron-sized apertures. At the same time, it enjoys exquisite control over the
particle morphology through the solvent(s) in the precursor solutions, the solute concentration, and the
ambient conditions [16,17]. This is important because the function of the electrosprayed particles
depends on their morphology in materials applications like drug delivery [18-22], energy [23,24] and

food applications [25,26].

Electrospray is based on the electrification of the precursor liquid, which is usually flowing
out of a capillary tube at a given rate. At the appropriate flow rate and electrical potential, a conical
meniscus called Taylor cone (TC) is established, whose tip ejects a microscopic liquid jet which breaks
up spontaneously and periodically by the Plateau-Rayleigh instability into nearly identical droplets
[9,16,27]. The conversion of electrical energy to droplet surface energy is highly efficient. In addition,
the method is up-scalable through the multiplexing of emission points [28-35]. Recently, a

modification of the electrospray process was proposed [36,37] based on the discharging of the



electrospray droplets, expanding the possibilities for scaling up when seeking monodisperse particles.
Electrospray also allows the formation of particles with different architectures, such as core-shell
particles and multi-layered particles also known as Yolk-shell particles [38-41]. In sum, electrospray
is a simple-to-use and powerful way to produce submicron particles with material and morphology

versatility, as claimed in various reviews [14,18,19,42-45].

Even so, as a particle engineering tool, ES requires careful selection of the operating
parameters. This is especially true when atomizing complex solutions, such as those containing
polymeric components, additives and volatile solvents. (i) First, it is critical to identify the spraying
mode, and to avoid dripping modes, which are triggered by inadequate (often excessive) liquid flow
rates [46,47]. The smallest and most monodisperse droplets can be obtained by operating in the Steady
Cone-Jet (SCJ) mode, in which the jet emission from the TC does not fluctuate and is sustained within
a flow rate window which depends on the liquid properties. (ii) Second, the most monodisperse
droplets are obtained by avoiding jet whipping (an instability caused by excessive electrification),
which can be achieved by choosing the flow rate to be close to the minimum allowed value Q,,in
[11,27,48,49]. (iii) Third, the SCJ mode uses low flow rates, solvent evaporation from the TC can
cause any non-volatile solutes to precipitate at the TC, eventually destabilizing it [16]. This issue can
be effectively solved by surrounding the TC with a gentle solvent-saturated gaseous flow (as we shall
prove). Despite their usefulness for particle production by ES, however, such sheath coflows have not
been used except by a handful of research groups [16,50,51]. Instead, high flow rates (Q > Qin) are
often favored in the literature to increase overall particle production and to get stable spraying.
Unfortunately, high flow rates result in bigger droplets (typically tens of microns and larger) and in
the broadening of the droplets’ size distribution. (iv) Lastly, besides flow rate, an important control
parameter is relative humidity as ambient moisture can be absorbed by the drying droplets, and act as

a non-solvent or as a non-soluble template [16,52].

In this work, we show how these principles apply to the electrospraying of polymeric solutions
for making submicron particles of a poorly water-soluble drug encapsulated in a hydrophilic polymer.

Such chemical combinations are of interest for pharmaceutical particles in the form of amorphous solid



dispersion (ASDs) [12,53-55]. We have chosen polyvinylpyrrolidone (PVP) as the encapsulating
polymer and curcumin (CUR) as the model drug. PVP is widely used in ASDs, often in combination
with poorly soluble drugs to improve their aqueous solubility [56-60]. PVP has been used as a drug
carrier for oral [61-63], transdermal [64,65], inhalable [66,67], and ocular administrations [68]. CUR,
a natural extract, is well-known for its anti-inflammatory, antioxidant, and anti-cancer properties [69—
72]. Improved CUR aqueous solubility and bioavailability have been achieved with PVVP-based nano-
formulations made by supercritical assisted atomization [73], spray drying [74,75] and even
electrospray [76,77]. However, a systematic study connecting particle morphology to the electrospray
process conditions, and the droplet and particle formation mechanisms, requires a precisely controlled

liquid atomization process.

We specifically investigate the conditions for ES formation of amorphous CUR-PVP particles
in the SCJ mode over a wide range of polymer and drug concentrations in volatile solvents, with the
goal to demonstrate stable operation at as high solute concentrations as possible, and to identify the
conditions which lead to globular size-monodisperse submicron particles. Theoretical predictions from
established cone-jet physics models for simple fluids exist for the minimum flow rate, the electrical
current, and the droplet size [27,47,78]. Therefore, we assess such predictions in our system and use
the theoretical droplet size to help us interpret the particle size and morphology data. These models
previously compared favorably with the sizes of compact particles by Hogan et al. [79]. However, in
that study, the Taylor cone was not protected from drying. To relate the particle size to the droplet size
it is critical to know that the solution composition does not change in the cone-jet due to solvent
evaporation. Here, we prevent solvent evaporation from the TC by the mentioned solvent-saturated
gas coflow. This flow is kept much lower than the gas chamber flow, to have an influence on the cone-
jet but not the spray, allowing to impose an independent composition in the chamber gas. In this way,
we are able to introduce water vapor into the chamber to study the effect of water on the droplet-to-
particle formation, without altering the droplet formation. Previously, we observed pronounced effects

on the particle morphology due to water vapor in the case of water insoluble polymers [16] . Here, we



expand our scope with a hydrophilic polymer (PVP) with the addition of a hydrophobic compound

(CUR).

First, we identify the polymer concentration window in a suitable solvent (ethanol) which
forms size-monodisperse particles, and then, we address the challenge of dissolving large amounts of
the model drug (high drug-polymer ratio), while still obtaining size-monodisperse globular particles
in amorphous state. To achieve high solubilities, we show ethanol/acetone (1:1 v/v) to be suitable. For
both solvent systems studied, we have systematically varied both the process parameters (significantly,
low solution flow rates) and the properties of the specific solution (significantly, its electrical
conductivity). In all conditions, we interpret the various morphologies of the particles collected after
droplet drying. We also show the importance of controlling the ambient relative humidity, and we
report its effects on the particle morphology. Particle size and morphology are characterized by
scanning electron microscopy (SEM) combined with a focused ion beam (FIB) to evaluate internal
particle structure, while the chemical structure and crystallinity of the prepared particles are evaluated

using Fourier-transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD), respectively.

2. Materials and methods

2.1. Materials and solutions characterization

The chemical reagents were used as purchased, without further purification. Curcumin (CUR
99% purity, CAS Number 458-37-7, 368.38 g/mol) and polyvinylpyrrolidone (PVP, CAS Number
9003-39-8, weight-average molecular weight (Mw) 40 kDa) were purchased from Sigma Aldrich.
Ethanol absolute (min. 99.9% purity, ACS reagent grade, CAS Number 64-17-5) and acetone (min.
99.8% purity, ACS reagent grade, CAS Number 67-64-1) were purchased from Scharlau. Dry nitrogen

(Carburos Metalicos, Premier grade) was used as a gas carrier.

Solutions with different CUR-PVP weight ratios were prepared by adding PVP and CUR to
the solvent system -either ethanol or ethanol/acetone (1:1 v/v)- at room temperature, and then
magnetically stirring until complete dissolution. The solution compositions and main properties which

influence the TC formation, and the jet breakup processes are shown in Table 1. Electrical



conductivities were determined with a portable conductivity meter (CRISON 35) using a glass-body
probe (CRISON 50 61). The uncertainty on the conductivity values is +5%, according to the quality-
control certification of the probe. Kinematic viscosity measurements were made with a Cannon-Fenske
viscometer (size 50), and density using a 5 mL Gay-Lussac pycnometer. The uncertainty of the
individual density determinations is £0.2%. All measurements were performed in triplicate and at room
temperature (22.5 £ 3.0 °C) unless otherwise noted. Density was estimated for some compositions
(details in Supplementary File, section SI.1). Due to the temperature uncertainty of £3 °C, the overall
uncertainty in the measured density values is £0.5% (computed as the sum of the individual density
determination and the impact of the temperature uncertainty on the densities of ethanol and acetone).
Kinematic viscosity was measured only for specific solutions 5C-0P, 0C-5P and 5C-5P, whose
dynamic viscosities (the product of kinematic viscosity and density) were 0.67, 1.45 and 1.61 mPa s,
respectively. Over the studied concentration range, CUR did not significantly influence the solution
density and viscosity, whereas both increased by the addition of PVP. The solution conductivity also
increased with PVP concentration, while the addition of CUR for a fixed polymer concentration

resulted in decreasing conductivity.

2.2. Electrospray setup and process

The experimental setup is shown in Fig. 1. It consists of a glass chamber (four parallel glass
walls 175 x 130 x 1.8 mm) resting on an aluminum collector plate, and topped with a Delrin® plate
which holds the needle assembly. Two glass panes rest on the collector plate onto two C-shaped
spacers (not shown). These spacers define two slits between the aluminum plate and the other two
glass panes. Through these slits, substrates for particle collection can be easily introduced in and out
of the chamber while electrospraying. Either dry or humidified nitrogen is supplied into the chamber
at a constant speed (ranged between 2.7 - 3.8 Lpm), exiting through the two slits. Relative humidity
(RH) inside the chamber is monitored using a Vaisala HM34 probe inserted through a hole in the
collector plate. RH was virtually zero (measured and reported as <5%) when only dry nitrogen was
fed through the chamber. Humidified nitrogen was obtained by passing dry nitrogen through a bubbler

containing deionized water. A Harvard Apparatus PHD 2000 syringe pump supplied polymeric



solution from a Hamilton glass syringe (500 or 1000 uL), at 0.75-1.5 pL/min through a Teflon©
capillary tube (1/16 in OD, 300 pum ID) to the electrospraying needle (ES needle). The nominal
accuracy of the infused flow rate is 0.35%. The needle is part of an assembly which comprises the ES
needle (a square-ended metal capillary with 400/160 pm OD/ID) and a glass tube (2.00/1.16 mm
OD/ID; length: 35 mm) which surrounds the needle and protrudes 0.3 mm from it. The purpose of the
glass tube is to surround the needle tip with a 250 mm?®/s coflow gas stream saturated with solvent
vapor of either ethanol (when electrospraying ethanolic solutions) or acetone (when electrospraying
ethanol/acetone solutions). This methodology was previously used by Larsen et al. [50] and by us
[16,51], and is very effective in preventing premature drying of the solution at the tip of the ES needle.
As the gas is slightly undersaturated, and to prevent disturbance of the electrospraying, it is important
to use a relatively low speed, which in our experiments is 270 mm/s (the plug-flow speed at the glass
tube exit). The ES needle is held at a positive high voltage supplied by a high voltage amplifier
(Matsusada AMS-10B2-LC) configured as a DC high voltage power supply (HVPS). A perforated
brass plate (120 mm diameter), or backplate, surrounds the ES needle and is electrically connected to
it, to create a more uniform electric field in the spray region. The distance between the back plate and
the tip of the ES needle is 20 mm. For safety, a resistor R (200 MOhm) is placed between the HVPS
and the needle, as shown in Fig. 1. Consequently, the voltage (electrical potential) provided by the
power supply is not the same as that reaching the needle, referred throughout as needle voltage. The
latter, determined by means of a HV probe (not shown) (Testec TT-HVP-40, 1 GQ), typically varied
between 5 and 10 kV. The collector plate is virtually held at Earth-ground, as it is connected to a
handmade calibrated nano-ammeter, whose output voltage (proportional to the electrospray current
collected on the plate, Iy, Iis recorded at 20 Hz. The uncertainty in the current is set by the
repeatability of the average current, which we estimate at less than £2 nA. The distance between the
needle tip and the collector plate (H in Fig. 1) can be adjusted by moving the needle assembly up and
down with the help of three nylon posts that are inserted in the cover, held at about 30-40 mm. This
choice of distance is based on the idea of using a reasonably low needle voltage while still allowing

the droplets to dry up sufficiently.



The substrates for particle deposition were made of P-type (100) silicon wafer doped with
boron (Siltronix, 500-550 pum thickness and 1-50 Q cm resistivity), previously cut into small squares
of a desirable size (typically a few cm on a side, but not necessarily square-shaped). These small pieces
were placed on a metal strip and were then slid under the spray for a few seconds to collect particles
from the drying droplets. For this operation, the strip was inserted through one of two slits under the
chamber (see Fig. 1), and, after collecting particles, taken out of the chamber through the opposite slit.
The deposition time ranged between 10 and 30 s, and this was long enough to obtain sufficient particles

for further analysis but avoid particle overlaps.

2.3 Scanning electron microscopy (SEM)

The samples were stored in a plastic petri dish and normally imaged on the same day or the
next by a scanning electron microscope (Fei Quanta 600 ESEM) to study the particles’ morphology
and size. The silicon piece containing the deposit was cut with a diamond pen (if it is required) and
then stuck on a carbon tape and placed in an aluminum stub. The samples were gold-coated at 30 mA
for 60 or 90 s (~5-14 nm) in a sputter coater (either a Quorum Q150R ES or a Quorum Q150T S plus).
Pictures of different magnifications were taken at different positions on the depositions (commonly

center or middle zone). Most of the images shown here have been enhanced for brightness and contrast.

Each particle size was obtained using an image analysis software (Sigma Scan Pro 5.0, Aspire
Software International Ashburn, VA). The statistics on the particle size for each condition were based
on 70 to 280 particles (N) from various SEM images. For spherical particles, we used Feret diameter
(dr) as a characteristic dimension, whereas for particles with non-spherical morphology we consider
the projected area-equivalent diameter (ds), which is defined as the diameter of a circle having the

same projected area as the particle.

2.4. Focused ion beam field-emission scanning electron microscopy (FIB-FESEM)
Cross-sections of CUR and CUR-loaded PVP particles were obtained by a dual beam
microscope (FEI company Scios 2), equipped with a gallium focused ion beam (FIB). For the particles

milling, the ion beam energy and the probe current were 30 kV and 1 nA, respectively. We imaged the



cross-section of some representative particles for each selected sample, which were previously gold
coated at 30 mA for 90 s (~14 nm estimated coating thickness) in a sputtering machine (Quorum

Q150T S plus) and covered in situ with platinum before milling.

2.5. Fourier Transform Infrared Spectroscopy (FTIR)

The infrared spectra were obtained using a 6700 Jasco FT/IR spectrophotometer.
Electrosprayed particles with a different drug to polymer mass ratios were deposited on small pieces
of silicon wafers for about ten minutes and analyzed directly. In addition, we analyzed the raw
materials and a physical mixture of both (1:1 weight ratio). The scanning was performed at a spectral

resolution of 4 cm™ and 32 scans between 4000 and 400 cm™.

2.6. X-Ray diffraction (XRD)

X-ray diffraction measurements were made using a Siemens D5000 diffractometer (Bragg-
Brentano parafocusing geometry and vertical -0 goniometer) fitted with curved graphite diffracted
beam monochromator, incident and diffracted-beam Soller slits, a 0.06° receiving slit and scintillation
counter as a detector. The angular 20 diffraction range was between 5 and 40°. The data were collected
with an angular step of either 0.03° or 0.05° at 20 or 3 s per step and sample rotation, respectively. A
low background Si (100) wafer was used as a sample holder. Cuka radiation was obtained from a
copper X-ray tube operated at 40 kV and 30 mA. For the raw materials (CUR and PVP) and their
physical mixture (1:1 weight ratio), a small amount of powder was placed on the holder and flattened

before the scan. Electrosprayed particles were analyzed directly on their Si collection substrates.

3. Results and Discussion

3.1. Electrospray stability at low flow rates

We first analyze the keys to achieving stable and robust electrospraying from our CUR-PVP
systems at the low flow rates necessary to make small droplets. To verify the existence of the Steady
Cone-Jet (SCJ) mode we imaged the Taylor cone (TC) and monitored the electrical current transferred

to the collector plate. The current versus flow rate relationship is unique to each mode of liquid



atomization, and its monitoring over time is a robust way to identify instabilities [47,80]. These
approaches have been validated in the literature in idealized experiments using pure solvents or dilute

solutions, for example, ethylene glycol and water [28,36,81,82].

Under stable conditions (SCJ mode), we have thoroughly studied the influence of solution
composition and process variables on the particles’ sizes. Table 1 collects this information for our low-
RH experiments, as well as the physicochemical properties of the polymeric solutions. This table also
reports the theoretical predictions based on models developed for simple fluids [27] for the droplet
size, the electrospray current, and the minimum flow rate for stability of the SCJ mode for each solution
[78], below which flow rate the liquid meniscus undergoes intermittent jetting, and the droplet size

distribution is suboptimal [47].

To obtain small droplets and sustain small flows with these solutions, one must satisfy two
requirements: (1) The use of liquid flow rates near the minimum flow rate of stability, and (2) the use
of a gas coflow saturated with solvent-vapor to prevent the cone drying when electrospraying

concentrated solutions at low flow rates.

To obtain a first guess of the minimum flow rate compatible with stability, the theoretical
minimum flow rate ejected in the SCJ mode, Q,,in, Was computed as a function of the solution
properties for every solution. As proposed by Gafian-Calvo et al. [78] when the viscous forces are not
strong enough to stall the jet emission, the minimum flow rate is scaled as:

Qmin = QoB (1)

Qo = o 2)

pk

Where o is the surface tension of the solution, p its density, k its electric conductivity, and g = Ei/ &

its relative electrical permittivity (dielectric constant), where g, and ¢; are the electrical permittivity

of vacuum and of the liquid, respectively. The condition of low viscosity is fulfilled by the inequality:

(B8t <1 3)
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where §, = [ ] is the electrohydrodynamic Reynolds number, being u the dynamic viscosity

of the solution.

This simple computation of Q,,;, was useful as a starting point for selecting a flow rate suitable
for operating in the SCJ mode. In our experiments we operated at flow rates which did not differ greatly
from Q,,,;,, as shown in Table 1. We chose 0.75 pL/min as a common flow rate near the computed
Qmin Values, at which we could compare experiments with different solution compositions. In
experiments with fixed composition, we studied the dependence on the solution flow rate of the
electrospray current and particle size. In all cases, we ensured that we operated in the SCJ mode and

that the process was stable by both monitoring the TC and the electrospray current.

Fig. 2 demonstrates the utility of monitoring the TC and the electrospray current, as the process
control variables (needle voltage and flow rate) are varied versus time. As the flow rate is increased,
the needle voltage is adjusted upwards in order to maintain a similar TC shape, as shown (Fig. 2a, 2b).
Fig. 2c shows the corresponding electrical current trace. Transients in the current trace are observed
in response to adjustments in the control variables (flow rate and needle voltage), as expected.
Otherwise, the steadiness of the electrospray current traces proves the stability of the electrospraying
process over the range of liquid flow rates tested, from 0.75 to 4 uL/min. Beyond 5 puL/min for this
solution, we could not establish a stable TC and the electrical current started to fluctuate (data not

shown).

The second requirement that must be satisfied to sustain the low flows needed to obtain small
droplets, especially with concentrated solutions, is the prevention of the drying of the TC by means of
a coflow gas saturated with solvent vapor (Fig.1) [16,50,51]. Fig. 3 illustrates the time sequence while
electrospraying 5C-5P solution at a constant liquid flow rate (0.75 yuL/min). Initially, when the coflow
gas is on, the TC was stable (Fig. 3a) and the measured electrospray current was 28 nA. The coflow
was turned off after 140 s and the cone started to dry up (Fig. 3b) and became unstable until the jet
disappeared (Fig. 3c, 3d). During this unstable period, the electrospray current dropped from 28 to 4

nA (in the range of our instrument resolution). After 190 s, the coflow gas was turned on again, after
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which the TC recovered (Fig. 3f) after a transient which involved elongation (Fig. 3e) and the expelling

of a large liquid mass.

To obtain a stable cone with least concentrated solutions, the coflow gas was not necessary (at
least for the duration of our experiments); however, we still used the coflowing gas to minimize
evaporation from the TC, so that we can assume that the initial solute concentration remains constant
in the region where the jet forms (which is a necessary condition for the theoretical expressions to be

valid).

Note that the average gas speed of 270 mm/s is low compared to the liquid jet speed, which is
several tens of m/s, estimated from mass conservation as 4Q/mdj, where d; can be estimated as
dp/1.89 [9]. Keeping a low coflow speed reduces perturbing the jet. In addition, increasing the coflow
speed often has the opposite effect to the one intended, by enhancing solvent evaporation from the
liquid/gas interface, driven by the increased vapor concentration gradient at the boundary layer next

to the liquid-gas interface.

3.2. Particles with low curcumin content

First, we focus on the main effects of the polymer concentration and solution flow rate on the
size and morphology of the particles. Ethanol was used as it is a good solvent for PVP, but not for
CUR; nonetheless, in these solutions we admitted a low CUR content of 0.1%. Fig. 4 shows the
morphology of the collected particles from different PVP concentrations and flow rates, all sprayed at
dry ambient conditions (RH < 5%). Within each collected sample, the larger particles were of similar
size. This strongly indicates quasi-periodicity in the droplet formation during the breaking up of the
EHD jet (Fig. 5), corresponding to the Plateau-Rayleigh jet breakup mechanism [47]. The size of such
main particles (particles arising from dried main droplets) increases from ~0.5 um at the lowest PVVP
concentration (1% w/w) at 0.75 pL/min (Fig. 4al, 4b1) to ~0.9 um for the particles produced at higher

concentrations and higher flow rates (Fig. 4a2, 4a3 and 4b3).

Fig. 4b shows the dependence of the particles with the infusion flow rate Q for solution 0.1C-

3P (0.1% CUR, 3% PVP). As the liquid flow rate varied from 0.75 to 3 pL/min, the particle size mean

12



increased from 0.46 um to 0.78 um, qualitatively in accordance with the trend expected for the
electrospray droplets (predicted theoretically in Table 1). The interpretation of the particle size mean
in Fig. 4a is more complex because two additional factors are intervening besides flow rate Q: solution
conductivity k, and solute concentration C. These dependencies are analyzed and discussed later below

(Section 3.5).

Besides the main particles, smaller particles were also obtained from solutions with 1, 3 and
5% wiw PVP; (see Fig. 4a, 4b). These smaller particles are the result of Coulombic instability of the
main droplets happening in flight as they evaporate in the spray plume region (Fig. 5). Coulombic
instability (also called electrocapillary instability) happens during the droplet drying at a critical
droplet radius (theoretically predicted by Rayleigh as, rzqy, = q%/(641%£,0)*/?), when the droplet
electrical surface stress exceeds the droplet capillary stress [83,84]. The instability evolves by
development of one or two jet emissions [85,86], which can either solidify leaving filaments, or, if the
solute is dilute enough, develop capillary waves leading to breakup into nanodroplets by the Plateau-
Rayleigh instability [16,17,87]. The second scenario is called “Coulomb fission” or “Coulomb
explosion”, and the particles resulting from the progeny droplets are often called “progeny particles”.
It is important to distinguish these from the particles formed from the satellite droplets produced in the
primary breakup of the EHD jet (Fig. 5) [16]. Fig. 4a shows this transition from the Coulomb fission
regime at 1, 3 and 5% PVP, and the filament forming regime at 8% PVP; whereas at 10% PVP only a
few short filaments are present. In this scenario, the droplets develop an outer layer (shell) which is
elastic enough to resist nanojet emission; in other words, the droplets remain electromechanically
stable at all radii. In all scenarios, a shell eventually formed on the main droplets, which is not rigid

and eventually buckled into red-blood-cell like shapes [16].

With this set of experiments, we have learned that, for some solution concentrations (between
8 and 10% PVP), it is possible to produce monodisperse globular submicron particles with low

curcumin content.

3.3. Particles with high curcumin content
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The next step was to increase the curcumin loading, as this would be relevant for applications.
However, ethanol is a good solvent for PVP [60,88], but not for CUR. Since curcumin is highly soluble
in acetone [63,89], after some trial and error, we found 1:1 v/v ethanol/acetone to be a suitable solvent
mixture for dissolving both CUR and PVP at significant CUR-PVP ratios, higher than previously
studied in the electrospray literature [76,77]. We then systematically studied the particles’ size and
morphology versus solute weight concentration in the electrosprayed solution, first by varying the PVP
weight concentration between 0 and 5% at a constant 5% CUR concentration, and then by varying the
CUR weight concentration from 0 to 7.5%, at a constant 5% PVP concentration. Additionally, we
investigated the inner/internal structure of the main particles produced using FIB-FESEM for some of

these compositions, to get hints on the evaporation history of the droplet.

Fig. 6 shows the particles’ shapes and particle size distribution histograms at varying PVP
concentration but constant CUR amount (5%) in the solutions, all electrosprayed at the same Q (0.75
pL/min). At the zero-PVP condition the particles were spherical. However, as the PVP concentration
increased to 1%, and later to 2.5%, the particle shape evolved from spherical to corrugated. The
average particle size increased from 0.44 pum to 0.56 pm, and to 0.69 um, respectively. A further
increase in polymer concentration from 2.5 to 5% (Fig. 6¢, 6d)) resulted in a small increase in particle
size (to 0.75 um). These particle size increases are mainly due to two causes: (1) the increase in solute
concentration, despite the predicted droplet size decreases (Table 1), and (2) the earlier formation of
the solid shell with increasing polymer concentration, as revealed by the loss of particle sphericity.
There is an additional consideration for the highly non-spherical particles: When the particles tend to
rest on their “flatter” sides, maximizing contact with the substrate (as will be shown later with FIB-
FESEM) their projected area-equivalent diameter (dg) will be slightly larger than their true

orientation-averaged size.

Regarding the relics left from Coulombic instabilities, we find the same overall picture as was
found with the ethanolic solutions previously: progeny particles formed at lower solute concentrations

(solutions 5C-0P and 5C-1P) but were absent at PVP concentration above to 2.5%. When only CUR
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is present, no filaments appear on the particles, whereas a little polymer (5C-1P) can stabilize the

transient nanojet emitted during a Coulombic instability, resulting in some filamented particles.

Fig. 7 shows the effects on the particles and the particle size histograms when varying CUR
concentration in the solutions at constant PVP amount (5%). Again, Q (0.75 pl/min) was used except
for the most concentrated solution, which was not stable at this flow rate and was sprayed at 1.5
pL/min. As the CUR concentration was increased from 0 to 1%, the average particle size increased

slightly [16].

Fig. 8 shows FIB-FESEM cross-sections of representative particles from selected conditions
from Fig. 6 and Fig. 7. The insets show top views of each particle and where it was milled. Additional
similar images of other particles from the same samples are shown in the Supplementary File (Fig.

SI.1).

Fig. 8a shows that the curcumin-only (CUR) particles have a dense (void-free) internal
structure. This morphology is expected when, during the droplet’s drying history, the solvent
evaporation flux is small compared to the solute diffusion flux from near the surface of the drop toward
its center. A comparatively fast diffusion will tend to homogenize the solute distribution within the
droplet [90-95]. While the droplet dries up, the solute enriches at the droplet’s surface, thus solute
precipitation would be expected to be initiated there, but this can happen very late in the droplet’s
evaporation history if the solute is very soluble. The faster evaporation of acetone is expected to enrich
the droplet surface in ethanol, and thus to promote the precipitation of CUR first, due to its poor
solubility in ethanol. Nonetheless, there is no evidence of early precipitation of CUR, as compact
spherical shapes are formed (Fig. 8a) and the droplet is able to shrink to the Rayleigh limit radius and

undergo Coulombic instability releasing progeny particles, as shown in Fig. 6a.

When a small (1%) amount of polymer was present in the electrosprayed solution the particles
are still globular and with a smooth surface, but they have nano-cavities inside (Fig. 8b). At this low
PVP concentration relative to CUR, the droplet evolution is similar to the case of CUR-only (Fig. 8a),

with solute precipitation happening relatively late in the droplet’s drying history, thus leading to small
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spherical particles with a few voids. Nonetheless, the presence of polymer slows down the solute
diffusion mass-transfer, and in the later stages of evaporation will result in a more viscous as well as
stronger, more elastic structure. Consequently, droplet shrinking will slow down, and phase separation
inside the droplet may occur resulting in solute-poor (solvent-rich) zones inside the particles which

become nano-cavities in the latest stages of the drying.

When the PVP concentration in the sprayed solution is comparable to that of CUR (2.5 and
5%), the particle morphology becomes corrugated, as shown in Fig. 8c-f. Corrugation reveals the
formation of a spherical shell which later underwent collapse. The formation of that shell is caused by
significant polymer enrichment at the droplet surface during solvent evaporation, due to the slow
polymer diffusion rate. This polymer-rich shell probably evolves from an early gel-like state to a
consistent but deformable rubbery state, which eventually buckles and collapses under the pressure
difference which develops across the shell caused by solvent evaporation, leading to a corrugated shape
(Fig. 8c-f) [16]. The shell collapses fully, as the compact interiors of these particles reveal. Note that
the transport of CUR by diffusion could also be slowed down due to hydrogen-bonding of the CUR to

the PVP, as will be shown later.

To sum up, we were able to raise the CUR loading by using an ethanol/acetone mixture (1:1
v/v). At high enough solute concentrations (7.5% in total), the particles are monodispersed without
filaments or progeny particles, demonstrating the absence of Coulombic instabilities during drying. At
this low RH, the CUR-PVP particles are deflated shells with compact, void-free interiors, except for

low PVP content, where we found more spherical particles, sometimes with nanocavities.

3.4 Effect of relative humidity on particle morphology

We previously showed that, for the case of water-insoluble polymers, relative humidity (RH)
in the spraying ambient strongly influences the particle formation process, by driving polymer
precipitation through non-solvent interactions [16]. Here we have a water-soluble polymer (PVP), and

a water-insoluble compound (CUR), a combination for which the influence of RH on particle
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morphology has not been studied. Therefore, we investigated whether the particle morphology can be

tuned by changing the RH in the CUR/PVP/ethanol/acetone system.

For the solution containing only PVP (0C-5P) a continuous film was observed when we
electrosprayed under humid conditions (Supplementary File, Fig. SI1.2). Wet collections were also
reported by Rezeki et al. [57] when electrospraying mixtures of PVP and mangosteen pericarp extract
(MPE) at RH under 50%, at zero and low MPE/PVP ratios. On the other hand, in our experiments, all

the CUR-PVP mixtures led to particulate structures.

Fig. 9 shows the morphologies obtained with different CUR-PVP compositions after humidity
was increased from low RH (< 5%), shown in Fig. 6 and 7, to (a) intermediate RH (35-45%), and (b)
high RH (60-70%). The solution with only CUR (5C-0P), which at low RH (Fig. 6a) produced
spherical main particles surrounded by progeny particles, at intermediate (Fig. 9al) also produced
spherical particles (although not completely dried) without progeny particles. High RH led to larger
and porous particles (Fig. 9b1), also without progeny particles. Similar tendencies were found for the
next composition (5C-1P), where CUR still dominated, shown in the sequence of Fig. 6b, Fig. 9a2,
and Fig. 9b2. These observations suggest that water taken up by the droplet from its surrounding
ambient encouraged the precipitation of the (water-insoluble) CUR, happening earlier in the droplet’s
history as the RH increased. At high enough RH (Fig. 9b1 and Fig. 9b2), more water can be absorbed,
or even condensed onto the droplet surface with nanodrops acting as templates, leading to the
formation of small cavities at the particle’s surface (possibly connecting with cavities in the particle’s
interior). Particle porosity due to high RH is consistent with earlier studies; however, with water-

insoluble polymers (i.e., polystyrene) [16,52].

For solution 5C-5P (Fig. 6d, Fig. 9a3, Fig. 9b3), the particle morphology was corrugated and
free of progeny particles in all three humidity cases. Smaller CUR concentration in the solution (1C-
5P), at both low (Fig. 7b) and intermediate RH (Fig. 9a4), led to corrugated particles, although at
intermediate RH there were fewer filamented and progeny particles. At high RH, as shown in Fig. 9b4,
this solution interestingly produced samples with smaller, spherical and smooth particles, without

progeny particles. This can be explained as follows: at high enough RH, solvent composition not only
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changes due to solvent fractionation by the faster evaporation of the more volatile acetone, but water
can also get into the droplet, changing the solvent composition. PVVP is very soluble in water,
meanwhile the aqueous solubility of CUR is also enhanced by the presence of PVP [63,96,97]. Thus,
both solid components can remain soluble and undergo molecular diffusion toward the droplet’s center
without precipitating; whereas they precipitate at low RH forming shells which collapse (Fig. 7b). At
the same time, a slight amount of CUR (1C-5P) reduces the water affinity of the mixture, enough to
stabilize the particle surface, preventing the formation of the wet films which were encountered with
solutions without CUR at high RH (Supplementary File, Fig. SI1.2). The absence of Coulombic
instabilities at higher relative humidity levels could be explained by the increase in surface tension due

to the water uptake.

The preceding discussion reveals that the problem is rich and much too complex to be
completely developed in the current article. Nonetheless, this set of experiments demonstrates that
relative humidity, besides solution composition, strongly influences the morphology of CUR-PVP
particles from ethanol-acetone solutions, with the main effect of preventing Coulombic instabilities
(e.g., solutions 5C-0P, 5C-1P, and 1C-5P). An interesting practical outcome was the formation at
elevated RH of progeny-particle-free samples with submicron highly spherical particles with a 1:5
CUR-PVP mass ratio (solution 1C-5P). These are the smallest and most monodispersed composite
CUR-PVP particles (with a relevant curcumin loading of 16.7%) obtained in this work, with average

particle diameter of 0.50 um and SD of 0.04 um (N=200).

3.5. Scaling laws predictions versus data

We have also investigated the connections between our experimental data and the predictions
from theoretical models of the cone-jet formation process. Such models, based on first principles,
describe the steady state emission of the liquid EHD jet sustained by the electrostatic forces due to the
TC [47]. They predict the jet size, thus droplet diameter d, (as jet diameter times 1.89, the well-known
Rayleigh-Plateau factor) and the electrical current I. A simplifying assumption, confirmed by

experiment, states that electrostatic parameters (electrodes sizes and shapes, and their voltages) do not
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enter the picture; thereby reducing the set of independent parameters to the liquid flow rate Q and

mechanical and electrical liquid properties [98].

We consider the predicted scaling laws proposed by Gafian-Calvo et al. for dp and | [27]:

Z—i _ (Q%)o.s @
i =26 (Q%)O'S (5)

Where Q, is defined by Eqg. (2), and the other two normalizing factors d,, I, are the following functions
of the air permittivity &, (taken as that of vacuum, i.e., 8.854x107? F/m) and the liquid properties:

surface tension a, density p, electrical conductivity k (but not viscosity).

do = (22) (6)

I=o (%0)0.5 o

In these expressions (Eq. (4) and Eq. (5)), the exponent 0.5 is often fulfilled quite precisely
across different compositions, especially for the current. However, the prefactors (2.6 and 1.0) are only
global averages of prefactors which vary significantly across the many independent experiments. Note
that these scaling laws apply to Newtonian fluids, and they have been verified only with simple fluids
such as pure solvents or solvents with a small content of electrolyte, such that only the electrical
conductivity is affected by this solute. Note also that neither the viscosity of the liquid nor its electrical
permittivity are involved in these expressions. In our computations of I, d, and Q, we have assumed
that the surface tension of the CUR-PVP ethanolic solutions is close to that of the pure ethanol (taken
at 20 °C, i.e.,, ¢ = 0.02239 N/m), whereas the surface tension of the solutions of CUR-PVP in
ethanol/acetone was considered close to that of the solvents’ mixture at 20 °C [99]. (See Supplementary

File, section Sl.4).

3.5.1. Electrospray current
Fig. 10 shows our experimental electrical current data (Table 1) plotted in the

nondimensionalized variables of Eg. (5). The empty symbols correspond to the ethanolic solutions,
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and the filled symbols represent the ethanol/acetone-based solutions. Note that the abscissa
(Q/Qy=0pk/(agy)) increases not only with Q but with k as well, which has a notable spread (Table
1). The data are well-fitted by a power law with a power very near the theoretically predicted value of
0.5 (Eg. 5). Unexpectedly, the prefactor (1.728) is significantly lower than the global value given in
Eq. (5) (2.6), but this difference is well within the spread of the data for simple fluids [27]. Another
unexpected result from Fig. 10 is the slight upward curvature in the data, suggesting a dependence of
the exponent with Q /Q,. However, this could be questioned if we consider that the three lowest current
values have the highest error (at least +/- 10%). A fitting ignoring these values gives a larger exponent
of 0.62, which is reasonably close to 0.5. More extensive experiments would be needed to confirm this

trend.

Whether these non-idealities (prefactor and curvature) are caused by the presence of the
solutes in our solutions or not remains a question for further study. Regardless, the important
conclusion from Fig. 10 is that the tested scaling law for the electrical current applies quite well to the
CUR-PVP solutions of this study. Therefore, the model and, consequently, its predicted scaling law

for the droplet diameter is also expected to apply to our study. This is developed in the next section.

3.5.2. Droplet and particle sizes

Our goal is to evaluate the applicability of the scaling law for the droplet size of Eq. (4) to our
system. To relate the particle size to the droplet size one must consider both the initial solute
concentration and the particle's shape. If the particles have a very similar shape, the particle and the

droplet sizes can be expressed as proportional to one another:
dp =Adp 8
where

_ cp 1/3
A= [(Pbulk(l_‘b)) ©)

where C is the solute mass concentration (by weight) in the initial solution, p the initial solution

density, pp. the bulk density of the solute (in the dry particle), and & a porosity parameter for the
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dry particle (connecting the particle diameter to the diameter of the mass-equivalent compact sphere).
In sum, the dependence of the particle size versus initial polymer concentration, in the case when

similarly shaped particles are made (thus having similar @), is expected to scale as follows:

1/3

1/3
dp~ [ - ] dp = C'/3 (p/pbulk)

Pbulk

(pgo/o_k)l/6Q1/2 (10)

where Eg. (4), Eq. (2) and Eq. (6) have been considered. Note that this also assumes low or negligible

mass loss by Coulombic instabilities, a condition which is typically fulfilled.

Independently, by setting the porosity parameter to 0 in Eq. (9), we can also express the

compact-sphere equivalent diameter (dcs) as a function of the initial droplet diameter:

1/3

&
dCS — C1/3 (p/pbulk)l/ng — C1/3 (p/pbulk) (p O/O_k)l/SQl/Z (11)

where dj, is the initial droplet diameter. The bulk density of the particles made of both components
was estimated from the bulk density of the individual compounds (See Supplementary File, section
S1.5). The compact-sphere equivalent diameter should always be below or equal to the measured
particle diameter, and their difference can be useful to assess porosity or morphology and thus hint on

particle drying mechanism.

We first analyze the particle size data in Table 1 for the ethanolic solutions. In this case, the
addition of polymer (with a tiny constant amount of CUR) changed the electrical conductivity by a
factor of about 4, and we varied the flow rate threefold (Table 1). Since the particles are similarly
shaped, as can be seen in Fig. 4, we can test the prediction of Eq. (10). This is shown in Fig. 11, where
we find that the particle diameters follow a linear trend. The predicted trendline, however, is only in
partial agreement with Eqg. (10) since the ordinate at the origin is finite (not very small compared to
the data values). Nonetheless, the high correlation of these points indicates that the assumptions behind
Eq. (10) are fulfilled to a great degree. This includes the implicit scaling law, particularly the
dependence on k and Q (which vary in the data set). Note that the figure involves liquid solutions
varying in the solute concentration by a factor of more than 10. The fact that the data points all cluster

tightly around the trendline suggests the absence of any rheological effects in the jet formation or
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breakup processes. This means that, throughout the jet formation and breakup, these solutions are in a
dilute regime where the polymer chains are not interacting to any significant extent. Additionally, we
should note that the large variability in the droplet sizes is because the proportionality constant A in

Eqg. (9) is different across different points.

For the ethanol/acetone-based solutions we present the data differently, as we observe
significant variation in particle shapes depending on the solute composition (Fig. 6 and Fig, 7). In Fig.
12 we compare the particle diameters for otherwise the same flow rate, while varying the PVP
concentration at constant CUR concentration (Fig. 12a) or while varying the CUR concentration at
fixed PVP concentration (Fig. 12b). We also show the predicted droplet size dj, and the equivalent CS

diameter d .

For Fig. 12a the measured particle size follows the opposite (increasing) trend of that of the
calculated compact sphere diameter, as the particles’ shapes change from compact spherical to
corrugated, with increasing PVP concentration, as shown in Fig. 7. In the case of the more spherical
particles (Fig. 8a and Fig. 8b) the measured particle size and predicted CS size are in close agreement
(Fig. 12a). Whether this surprisingly close agreement between the predicted and measured compact
diameter is a coincidence or reflects a close agreement with the scaling laws remains a question. More
spherical particle shapes are expected when the diffusion of solute species in the droplet is fast
(compared to its drying), and this may be occurring for CUR due to its small molecular weight. For
the case of 5% CUR, 1% PVP the small difference between the particle and CS diameters could
perhaps be attributed to the presence of nano-cavities. As the polymer concentration increases further,
the particle size separates more and more from the predicted CS size, as the particles become more

corrugated.

In Fig. 12b showing the dependence with CUR concentration, all the particles are corrugated
(due to the presence of the polymer) so we expected a more constant difference between the computed
CS and the measured particle sizes than in Fig. 12a. Still, the particle size jumps up between the CUR
concentrations of 1% and 2.5%, while the predicted CS diameter is increasing slowly. The shape

differences visually do not explain this jJump; suggesting that the jump in particle size corresponds to
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a jump in initial droplet diameter between these concentrations (for a currently unknown reason). As
in the ethanol case (Figure 11), the droplet forms at (or near) the initial solution composition, as the
jet is protected from evaporation. Nonetheless, in the ethanol-acetone case, for the compositions with
higher concentrations of both CUR and PVP (Fig. 12b), we cannot rule out effects from viscosity
and/or rheology in the jet formation and breakup, which might arise by specific interactions (H-
bonding) between the two solutes, and which would result in larger initial droplet sizes relative to the
predictions from the scaling laws. All in all, the main message from Fig. 12 is that the particle size
falls between the initial droplet and CS sizes, as expected, and therefore that the scaling laws are a
powerful instrument to approximately predict the CS and particle sizes, where CS is expected to be a

lower bound estimate when particle corrugation and Coulombic instabilities are considered.

3.6. Solid state characterization: FTIR and XRD

The FTIR spectra shown in Fig. 13 compares the molecular structures of the different CUR-
PVP nano-formulations to the as-purchased (raw) components and their physical mixture (at 1:1
weight ratio). Raw CUR gave its characteristic spectrum, with peaks for the stretching vibrations of
its functional groups at 3507 cm™ (-OH), 1626 cm™ (C=0), 1601 cm™ (benzene ring), 1506 cm™* (C=0
and C=C), 1275 cm* (C-0) and 1426 cm™* for C-H bending vibration [76,100,101]. The PVP spectrum
is also as expected, with a broad peak with a maximum at 3410 cm™ which corresponds to the
stretching vibration of -OH groups, and peaks at 2950 cm™ (C-H stretching vibration), 1647 cm™ (C=0
bending vibrations), 1421 cm (C-H bending vibrations) and 1286 cm™ (C-N stretching vibrations)
[76,101]. The spectrum of the physical mixture of PVVP and CUR is a superposition of those of the raw
components without any additional peaks, proving that no chemical reaction took place between CUR
and PVP, as previously reported [89,97]. The spectrum of the electrosprayed CUR-only nanoparticles
(from solution 5C-0P) contains the main characteristic peaks of raw CUR, as expected [77,102]. The

sharp peak observed in the unprocessed curcumin at 3507 cm™* disappeared in the electrosprayed

CUR-PVP composite samples This change has been seen in other works, with CUR-PVP composite
particles prepared by either electrospray or other liquid atomization methods [76,89,96,97,101], where

it has been attributed to hydrogen bonding between O-H functional groups of the CUR and C=0 groups
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of the PVP. According to Matos et al. [89] and Kaewnopparat et al. [97], the hydrogen bonding
between both components might explain the inhibition of crystallization of CUR, thus improving its
aqueous solubility. Besides this, there are no other shifts or broadening of the characteristic peaks of

the two components in the electrosprayed samples.

Fig. 14 shows the X-ray diffraction patterns of raw CUR and PVP, their physical mixture, and
the electrosprayed CUR-PVP particles. Raw curcumin exhibits peaks at 7.95°, 8.95°, 12.25°, 14.53°,
17.30°, 18.20, 23,45°, 23.85°, 24.65° and 25.70° which corresponds to the planes of (100), (002),
(010), (102), (-204), (004), (-115), (-215), (020) and (-125) [103]. This diffraction pattern is
characteristic of the polymorphic form I (keto form) of crystalline curcumin [75,104]. The absence of
diffraction peaks in the unprocessed PVP pattern confirms the amorphous nature of the polymer, with
two weak broad halos centered on 13° and 21° [76,105], whereas the diffraction pattern of the physical
mixture (CUR-PVP 1:1) is dominated by the curcumin crystallinity peaks. On the other hand, the
diffractograms of the electrosprayed particles are in halo patterns, without any crystalline CUR peaks,
revealing that the CUR was in an amorphous state, both in the presence and absence of PVP. This can
be attributed to the rapid droplet drying process, which precludes the formation of CUR nuclei [106],
and for particles containing PVP, also to the hydrogen bonding between the polymer and the CUR,
verified by the FTIR analysis. The absence of crystallinity in the XRD is also consistent with the
presence of globular shapes, free of any visible crystal facets. Images of raw CUR powder, on the other

hand, showed needle-like shapes (see Supplementary file, Fig. S1.3)

4. Conclusions

The periodic liquid jet breakup in electrospray cone-jets by the Plateau-Rayleigh instability
has allowed the stable production of monodispersed curcumin (CUR) loaded polyvinylpyrrolidone
(PVP) particles with sizes under 1 um. These have been prepared with different drug to polymer ratios,
using two different solvent systems, ethanol and ethanol/acetone (1:1 v/v). We have focused on
achieving stable spraying in the Steady Cone-Jet (SCJ) mode, at liquid flow rates close to the minimum
value, which led to the smallest particle sizes. We found that this minimum flow rate was reasonably

close to the theoretically predicted value valid for simple fluids. We have shown the importance of
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preventing the drying of the Taylor cone by using a gentle gas flow (nearly) saturated in solvent-vapor,
in order to maintain the spraying mode in the SCJ mode while operating at such low flow rates with

volatile solvents.

With ethanol as solvent, the CUR loading was very low (0.1%) due to its limited solubility.
With increasing PVP concentrations, the particle morphologies progressed from globular main
particles surrounded by progeny nanoparticles to filamented main particles (reflecting that the droplets
underwent Coulombic instability (CI) events), and to globular main particles almost without filaments
(indicating the disappearance of Cl events). With ethanol/acetone (1:1 v/v) as solvent, the CUR loading
could be greatly increased, obtaining globular particles with corrugated morphology, without signs of

Cls when the total solute concentration in the electrosprayed solution was high enough.

FIB-FESEM analysis of particles made from the CUR/PVP/ethanol/acetone system, revealed
mostly void-free interiors. Knowledge of this internal structure has been used to propose different
mechanisms for particle formation. Whereas at lower PVP concentrations we found small spherical
particles which formed from a thicker shell, at higher concentrations corrugated shapes were collected,

resulting from the collapse of thinner spherical shells.

The effects due to the ambient relative humidity (RH) on the particles’ morphologies were
studied for the CUR/PVP/ethanol/acetone system, and were found to depend strongly on solution
composition. While no apparent changes were noted for the higher solute concentration case (5% CUR
- 5% PVP), RH had a significant influence on particle morphology at both lower PVP and CUR
concentrations. When we lowered the polymer (PVP) concentration, raising the RH resulted in more
irregular particles. Lowering the CUR concentration had the opposite effect: higher RH resulted in
increasingly spherical particles. In both cases there is a clear reduction in Coulombic instability events
due to the presence of water (in the droplet). This demonstrates that the theoretical analysis of the
problem is quite complex and that the presence of even a relatively small amount of the water-insoluble
component (1% CUR versus 5% PVP) can result in big morphological changes, by altering the solutes’

precipitation dynamics.
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FTIR analyses of the electrosprayed samples confirmed the formation of hydrogen bonds
between PVP and curcumin, without further chemical modification of the chemical structure of the

molecules, whereas XRD confirmed the absence of curcumin crystallinity in our particles.

Finally, we show that the theoretical predictions of electrical current and droplet size from
well-established cone-jet physics models developed for simple fluids are also applicable to our more
complex liquid solutions. For example, the particle sizes are consistently close to and larger than the

predicted dry residue diameter.

In sum, this work demonstrates that consistent particle morphologies by electrospray requires
the conditions that sustain stable Taylor cones with Plateau-Rayleigh jets. A diversity of particle
morphologies is found with mixed solutes that have different transport (diffusivity) and
thermodynamic (solvophilic) behavior, in this case PVP and CUR. It is possible to remove the
undesired effects on morphology arising from Coulombic instabilities of the drying droplets
(filaments, and also progenies) by carefully choosing the atomized liquid composition and the process
variables. In this way, we were able to produce amorphous CUR-loaded PVP quasi-monodisperse

submicron particles, which could be an interesting model for drug delivery or biomedical applications.
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Figure Captions

Fig. 1. Electrospray (ES) chamber setup with main components. Inset: schematic of coflow tube and
ES needle (metal capillary) with stable Taylor cone and electrohydrodynamic (EHD) jet. The blue
arrow represents the solution flow, and the red arrows represent the solvent-saturated nitrogen coflow.

R is a resistor for safety (see text).

Fig. 2. Stability of electrospraying process at different solution flow rates, Q, (from 0.75 to 4 pL/min)
when electrospraying solution 1C-5P (Table 1) at RH < 5%. Needle voltage traces and solution flow

rate versus time (a), snapshots of stable Taylor cones (b) and electrospray current versus time (c).

Fig. 3. Importance of the coflow gas (red arrows) on the Taylor cone stability for a concentrated
solution (5C-5P) at low RH (< 5%). Time sequence of the cone drying (b-d) and recovery (e-f), when
turning off and back on the solvent-vapor coflow, gas speed 270 mm/s. Constant liquid flow rate (0.75
puL/min) and needle voltage (4.8 kV) except (a) (4.6 kV).

Fig. 4. Particle morphologies from ethanolic solutions at varying concentrations of PVP (a), and
different solution flow rates Q (b). In (a) Q varied somewhat from 0.75 pyL/min (al) to 1.5 pL/min (a2,
a3) and to 1.0 puL/min (a4). All solutions contain a low (0.1% w/w) concentration of curcumin. RH <

5% inside the chamber. All scale bars are 1 um.

Fig. 5. Schematic representation of droplet generation by electrospray with varicose jet breakup (or
Plateau-Rayleigh mechanism) and Coulombic instability scenarios. The solvent-saturated gas coflow

protects the jet region from drying and water-uptake (from ambient moisture when present).

Fig. 6. Top: SEM images of the CUR loaded PVP particles at increasing PVP concentration in the
electrosprayed solution ([PVP]), at fixed (5% w/w) CUR concentration ([CUR]). Solvent:
ethanol/acetone (1:1 v/v). Liquid flow rate was 0.75 pL/min and RH < 5%. The insets show
magnifications of these particles. Scale bars: 1 um. Bottom: corresponding particle diameter
histograms, with the average Feret diameter < dr > (for 5C-OP) or the average projected area-

equivalent diameter < dg >, the standard deviation SD, and the number of sized particles N.

Fig. 7. Top: SEM images of the CUR loaded PVP particles at increasing mass CUR concentration in
the electrosprayed solution (JCUR]), at fixed (5% wi/w) PVP concentration ([PVP]). Solvent:
ethanol/acetone (1:1 v/v). Liquid flow rate is 0.75 pL/min, except in (d) 1.5 pL/min, RH < 5%. The
insets show magnifications of these particles. Scale bars 1 um. Bottom: corresponding particle
diameter histograms, with the average Feret diameter < d > (for 0C-5P) or the average projected

area-equivalent diameter < dg >, the standard deviation SD, and the number of sized particles N.

Fig. 8. FIB-FESEM images of individual particles from different solution compositions (Table 1).
Same liquid flow rate (0.75 pL/min), except (f) (1.5 pL/min), and low RH conditions (< 5%). The
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insets are top views by SEM of the same particle before Pt coating and FIB milling, where the yellow

dotted line indicates the approximate location of the imaged plane. Scale bars: 500 hm.

Fig. 9. Effect of relative humidity on the particles’ morphology. SEM images of particles from selected
solution compositions at: (a) Intermediate RH (35-45%) and (b) high RH (60-70%). The insets are
magnifications of images of the same samples. The liquid flow rates were selected between 0.75 and
1.5 pL/min. Scale bars 1um.

Fig. 10. Experimental data for the non-dimensionalized electric current I, /I, as a function of the
non-dimensionalized flow rate Q/Q, for all the solutions and conditions tested (data in Table 1); I,
and Q, defined in Eq. (7) and Eq. (2). Empty symbols: ethanol as solvent. Filled symbols:

ethanol/acetone (1:1 v/v) as solvent.

Fig. 11. Particle size data analysis for the ethanolic solutions. The figure shows the predicted droplet
diameter (black squares), the measured particle size (blue triangles) and the predicted compact-sphere
diameter (red line) versus a particle size parameter predicted with the scaling laws of Eq. (10) and Eq.
(11). Straight segments join the droplet diameter values to guide the eye; however, no analytical
relationship is expected for the droplet size in this graph. The blue dashed line represents the least-
squares fitting of the measured particle diameter. The large variability in the droplet sizes is expected

as the proportionality constant A in Eq. (9) is different across different points.

Fig. 12. Comparison of the particle diameter from ethanol/acetone (1:1 v/v) solutions to the
theoretically predicted droplet and compact-sphere diameters: (a) versus PVP concentration at a fixed
5% w/w CUR concentration, and (b) versus CUR concentration at a fixed 5% w/w PVP concentration

(Table 1). Constant liquid flow rate at 0.75 pL/min. Low relative humidity conditions (RH<5%).

Fig. 13. Infra-red spectra of raw CUR and PVP powder, their physical mixture (PM) (1:1 w/w), and
CUR-PVP electrosprayed nanoparticles from various solutions (Table 1). The grey bands correspond
to the range of vibration energies of the O-H and C=0 groups. The ES samples were electrosprayed at

low RH, except for the bottom trace.

Fig. 14. X-ray diffraction patterns of raw curcumin (CUR) and PVP powder, their physical mixture
(PM) (1:1 wiw), and CUR-PVP electrosprayed nanoparticles from various solutions (Table 1). Peak

identification data (Miller indices and relative intensity) are shown for raw curcumin (from [103]).
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Table 1. Compositions and properties of the curcumin (CUR) - polyvinylpyrrolidone (PVP) solutions, experimental conditions (flow rate) and predicted and
measured data. (RH < 5%.)

. Predicted . . Predicted . .

souton [cUR)  [pvel - CUR SRR oensy minimomiow SO0 PSR AR gopie PR 0

code  (Yowiw)  (YoWM) \oio(96) K (uSfcm) p (kg/m) O ?“eL iy QLMD T(OA) ey (W) 6';”23% dp (M) £SD
Solvent system: ethanol
0.1C-1P 0.1 1 9.1 4.6 (22.6 °C) 794 0.80 0.75 29 20 1.05 0.499 = 0.049
0.1C-3P 0.1 3 3.2 8.8 (19.9 °C) 803 0.41 0.75 41 30 0.94 0.521 + 0.047
15 58 43 1.33 0.674 + 0.056
3 82 70 1.88 0.852 + 0.068
0.1C-5P 0.1 5 2.0 13.1(21.6 °C) 808 0.27 15 70 60 1.25 0.847 £0.070
0.1C-8P 0.1 8 1.2 18.2 (22.0 °C) 817 0.19 15 83 67 1.19 0.900 = 0.091
0.1C-10P 0.1 10 1.0 19.8 (21.9 °C) 823 0.18 1 71 45 0.96 0.803 £0.071
Solvent system: ethanol/acetone (1:1 v/v)

0C-5P 0 5 0 18.3 (22.4 °C) 814 0.20 0.75 62 42 0.82 0.472 £0.049
1C-5P 1 5 16.7 14.6 (24.0 °C) 815 0.25 0.75 55 35 0.85 0.497 + 0.053
2.5C-5P 2.5 5 33.3 12.1 (23.7 °C) 818 0.30 0.75 50 30 0.88 0.693 £ 0.059
5C-0P 5 0 100 3.24 (21.8 °C) 810 1.13 0.75 26 20 1.10 0.435 + 0.066
5C-1P 5 1 83.3 4.9 (22.2°C) 815 0.74 0.75 32 25 1.02 0.564 £0.043
5C-2.5P 5 2.5 66.7 9.7 (21.4 °C) 818 0.37 0.75 45 30 0.92 0.690 + 0.081
5C-5P 5 5 50 12.1 (24.0 °C) 820 0.30 0.75 50 35 0.88 0.747 £ 0.067

7.5C-5P 75 5 60 11.6 (25.3 °C) 818 0.31 1.5 70 45 1.26 1.06 +0.11

2 Estimated values for 2.5C-5P, 5C-2.5P, 5C-1P and 7.5C-5P (more details in the Supplementary Information file, SI.1.).

" Qmin = Qo (1) Qo =2 () [78]
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2) . 127]

¢ dp is either the Feret diameter (dy) or the projected area-equivalent diameter (d), as explained in Section 2.3. SD = standard deviation
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