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A B S T R A C T   

Particles for biomedical applications can be produced by emulsifying biocompatible polymers dissolved in an 
organic solvent in water. The emulsion is then transferred to an extraction bath that removes the solvent from the 
dispersed droplets, which leads to polymer precipitation and particle formation. Typically, the particles are 
smooth and spherical, likely because the droplets remain fluid throughout the solvent extraction process allowing 
minimization of surface area as the volume decreases. Few modifications to this technique exist that alter the 
spherical geometry, even though particle performance, from drug delivery to engaging cells of the body, can be 
tuned with morphology. Here we demonstrate that incorporation of resveratrol, with the aid of ethanol, into the 
oil phase of an emulsion of poly(lactide-co-glycolide) and dichloromethane in aqueous poly(vinyl alcohol) leads 
to a crumpled particle morphology. Video microscopy of particle formation revealed that during solvent 
extraction the droplet crumples in on itself, which does not occur when only ethanol is added to the emulsion. It 
is unclear why this occurs with resveratrol, but its hydroxyl groups appear to be optimally positioned because 
removal of the 4′ hydroxyl or addition of a 3′ hydroxyl resulted in a loss of crumpled particle morphology. We 
demonstrate that particle morphology can be tuned from that of a crumpled sheet of paper to a deflated sphere by 
switching out ethanol for a different cosolvent. We quantify the degree of particle deformation with surface area 
calculated from krypton adsorption isotherms and BET theory and find surface area correlates with resveratrol 
loading in the particle. Furthermore, spherical particles are achieved when ethyl acetate is used in lieu of 
dichloromethane and a cosolvent. We propose that during solvent extraction, resveratrol accumulates at the 
droplet surface where it inhibits polymer chain motion necessary to maintain a spherical geometry and the role 
of cosolvent is to redistribute resveratrol from the droplet bulk to its surface. This method of producing 
nonspherical particles extends to polycaprolactone and poly(L-lactic acid) and is compatible with the encapsu-
lation of a hydrophobic fluorescent dye, suggesting hydrophobic bioactive agents could be encapsulated. Taken 
together, we demonstrate an ability to control morphology of biocompatible polymer particles produced by the 
widely practiced oil-in-water/solvent extraction protocol via the addition of resveratrol and a cosolvent to the oil 
phase. The methodology reported is straight forward, and scalable, and expected to be of utility in applications in 
which a deviation from the default smooth, spherical morphology is desired.   

1. Introduction 

The oil in water (O/W) emulsion/solvent extraction technique for 
making biodegradable polymer particles involves dissolving a polymer 
in an organic solvent (typically dichloromethane, DCM) and homoge-
nizing in an aqueous solution of an emulsifier (typically polyvinyl 

alcohol, PVA). The two phases are immiscible, and spherical droplets are 
produced because this geometry minimizes interfacial energy. The 
emulsion is then added to a large volume of aqueous solution and the 
organic solvent is extracted from the dispersed phase, which results in 
the polymer precipitating and hardening into particles. The particles are 
then recovered through centrifugation. This technique is one of the most 
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studied and utilized for producing polymer particles because of its 
versatility and scalability, and it is used for several FDA approved 
polymer-based, controlled-release therapies such as Vivitrol (Syed and 
Keating, 2013), Lupron Depot (Ogawa et al., 1988), and Risperdal (Su 
et al., 2011). The O/W emulsion/solvent extraction technique allows for 
tuning of many particle properties including, size, drug release rate, and 
surface chemistry (Li et al., 2008; Wischke and Schwendeman, 2008). 
However, altering particle morphology is challenging because of the 
tendency of this emulsion system to form spheres (Champion et al., 
2007). 

Tuning particle morphology is of interest because it impacts cell- 
material interactions and subsequent biological responses (Mitragotri, 
2009). Cells interact differently with nonspherical particles than 
spherical ones (Champion and Mitragotri, 2006; Hussain et al., 2019; Li 
et al., 2016). For example, macrophages internalize ellipsoidal particles 
in an orientation dependent manner. The long end of the ellipsoid is 
internalized more readily than the flat side (Champion and Mitragotri, 
2006). Additionally, fibroblasts attach more readily to particles with a 
wrinkled surface than those that are smooth (Li et al., 2016). Finally, 
nonspherical particles cause maturation of dendritic cells to a greater 
extent than spherical particles (Hussain et al., 2019). Particle fabrication 
techniques used in these studies include particle film stretching 
(Champion and Mitragotri, 2006), photopolymerization (Li et al., 2016), 
and microfluidics (Hussain et al., 2019). While these methods are 
elegant, they are technically challenging and do not have a history of 
implementation in GMP manufacturing (Lee et al., 2016; Wischke and 
Schwendeman, 2008). Thus, while these studies demonstrate the 
importance of particle morphology on the biological response, the par-
ticle fabrication techniques employed may be difficult to adapt to the 
pharmaceutical industry (Banerjee et al., 2016; Park et al., 2019). 

The scalability of the O/W emulsion technique makes it attractive for 
making nonspherical particles at an industrial scale. As a point of 
comparison, photopolymerization and lithography produce approxi-
mately 106 particles per day with constant operation; in contrast, a 
bench-scale O/W emulsion batch process produces 109 particles in a 
matter of hours and is only limited by the size of the vessel (Champion 
et al., 2007). While nonspherical particles have been achieved using O/ 
W emulsion systems (Mohamed and van der Walle, 2006), they required 
poloxamer surfactants that have yet to be incorporated in an FDA 
approved polymer particle controlled release therapy (Park et al., 2019). 
Taken together, a methodology to modulate particle morphology that 
utilizes the DCM/PVA emulsion system would be highly desirable. 

Recently, we investigated poly(lactide-co-glycolide) particles for 
delivery of resveratrol to fat tissue, a small molecule with anti-obesity 
properties (Baur and Sinclair, 2006) and an established safety profile 
in humans (Almeida et al., 2009). To accomplish this, we developed a 
method to encapsulate resveratrol within the particles using the DCM/ 
PVA emulsion system by utilizing ethanol as a cosolvent in the oil phase 
(Isely et al., 2019). Unexpectedly, we found that the incorporation of 
resveratrol into the particles led to a non-spherical morphology. While 
the previous study evaluated the particles for controlled release of 
resveratrol, an investigation into why the emulsion system produced 
non-spherical particles was not carried out. Herein, we sought to study 
the system by investigating the effect of cosolvent, primary solvent and 
type of stilbene on particle morphology. In addition, we investigate its 
applicability to additional polyesters used in FDA approved devices 
(Ulery et al., 2011) and demonstrate an ability to encapsulate a model 
hydrophobic drug, coumarin 6. Taken together, the data presents a 
facile method for controlling the morphology of polyester particles. 
Given the importance of particle morphology in cell-material in-
teractions, our findings may aid in the field’s ability to control biological 
responses with biocompatible particulate systems. 

2. Materials and methods 

2.1. Materials 

75:25 poly(D,L-lactide-co-glycolide) (PLG) with a lauryl ester end 
group and an inherent viscosity of 0.79 dL/g and ester terminated pol-
ycaprolactone (PCL) with an inherent viscosity of 1.24 g/dL were pur-
chased from Evonik (Birmingham, AL). Dichloromethane (DCM), 
resveratrol (RSV), poly(vinyl alcohol) (PVA) (MW 13,000–23,000, 
87–89% hydrolyzed), poly(L-lactide) (PLLA) with an ester end group and 
an inherent viscosity of 1.1 dL/g, pinosylvin and coumarin 6 were 
purchased from Sigma (St. Louis, MO). Ethyl acetate (EA) was purchased 
from Macron Fine Chemicals (Center Valley, PA) and trans-stilbene was 
purchased from TCI Chemicals (Portland, OR). Piceattanol was pur-
chased from Cayman (Ann Arbor, MI). Methanol (MeOH) and acetone 
were purchased from BDH Chemicals (Radnor, PA). Ethanol (ETOH) was 
purchased from Decon Laboratories (King of Prussia, PA). Dimethyl 
sulfoxide (DMSO) was purchased from Fisher (Hampton, NH). Ultrapure 
water was obtained from a Thermo Scientific Barnstead Nanopure 
system. 

2.2. Polymer particle fabrication 

Polymer particles were prepared using a single oil-in-water emulsi-
fication/solvent extraction method as described previously with modi-
fications (Murphy et al., 2018). Briefly, polymer was dissolved in 
organic solvent at a concentration that would achieve a final organic 
phase concentration of 6% (wt/wt), hereafter simply “6%”. If a stilbene 
was included, it was dissolved in cosolvent and added to the organic 
phase for final concentrations and cosolvent proportions listed in 
Table 1. For the emulsion, 0.6 mL of organic phase was added dropwise 
into 4 mL of an aqueous solution of 1% (wt/v) polyvinyl alcohol (PVA), 
hereafter simply “1%”, and homogenized at 7000 rpm for 30 s using a 
Kinematica PT3100D homogenizer. Solvent extraction was then con-
ducted by adding the homogenization mixture to 16 mL of ultrapure 
water and then stirring the mixture for 5 h. This allows the organic 
solvent to extract and evaporate and the resulting particles to harden. 
The particles were then passed through a 40 µm filter (Greiner Bio-one), 
collected via centrifugation at 1750xg and washed 4 times in ultrapure 
water. Washed particles were frozen at − 20 ◦C and subsequently 
lyophilized overnight with a Labconco freeze dryer. Recovered particles 
were stored under vacuum in a dry environment at room temperature. 
For coumarin 6 loaded particles, all conditions were the same as the first 
formulation in Table 1, except coumarin 6 was added to the organic 
phase at 0.5 mg/mL. 

Table 1 
Conditions used for particle formulations.  

Primary 
Solvent 

Cosolvent Stilbene Stilbene 
concentration 

Volume % 
of 
cosolvent 

Polymer 

DCM ETOH Resveratrol 10 mg/mL 25% PLG 
DCM MEOH Resveratrol 10 mg/mL 25% PLG 
DCM Acetone Resveratrol 10 mg/mL 25% PLG 
DCM ETOH Resveratrol 4 mg/mL 25% PLG 
DCM ETOH Resveratrol 0 mg/mL 25% PLG 
DCM ETOH Resveratrol 4 mg/mL 10% PLG 
DCM ETOH Resveratrol 10 mg/mL 25% PCL 
DCM ETOH Resveratrol 10 mg/mL 25% PLLA 
DCM ETOH Piceattanol 10 mg/mL 25% PLG 
DCM ETOH Pinosylvin 10 mg/mL 25% PLG 
DCM ETOH Trans- 

Stilbene 
10 mg/mL 25% PLG 

EA None Resveratrol 10 mg/mL 0% PLG 

DCM: dichloromethane; EA: ethyl acetate; ETOH: ethanol; MEOH: methanol; 
PLG: poly(lactide-co-glycolide); PCL: polycaprolactone; PLLA: poly(L-lactide). 
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2.3. Video microscopy of particle formation 

Particle formation was visualized under a Nikon Eclipse Ci micro-
scope after the emulsion process had taken place. After homogenization, 
10 µL of the emulsion was transferred onto a glass slide. This was then 
observed under the microscope while images were acquired every sec-
ond for 5 min, which was a sufficiently long time that no more particle 
formation was observed. Videos were made with a frame rate of 10 
images per second. 

2.4. Powder X-ray diffraction 

A Rigaku MiniFlex X-ray diffractometer with high sensitivity 1D 
silicon strip detector (D\teX Ultra) was used to detect the presence of 
crystalline structure within the particles. 10 mg of samples were spread 
on zero-background holders for analysis. PXRD was performed over a 
range of 5-80◦ 2θ at room temperature at a scan rate of 2◦/min. An x-ray 
source with Cu target at 30 kV and 15 mA was used to generate Cu Kα x- 
rays (λ = 1.54059 Å) for analysis. Diffraction was recorded as intensity 
vs. 2θ. Peak fitting was performed using Fityk curve fitting program 
(Wojdyr, 2010). 

2.5. Sessile drop 

To qualitatively determine interfacial tension of the emulsion sys-
tem, a sessile drop experiment of the aqueous and organic phases was 
employed. 4 mL of aqueous phase (1% PVA) was added to a 20 mL 
scintillation vial. Into this, 0.3 mL of organic phase was carefully added 
to the bottom of the vial. Images were then taken from a level surface 
and relative height and angle of contact analyzed. 

2.6. Scanning Electron microscopy (SEM) and Light microscopy (LM) 

Carbon adhesive tape was attached to aluminum SEM stubs, and 
particles were spread onto the stubs. Compressed air was applied briefly 
to the particles to create a monolayer on the carbon tape. Particles were 
sputtered with gold 3 times for 60 s in a Denton Desk II Vacuum sputter 
coater. Images were taken using a TESCAN Vega3 Scanning Electron 
Microscope at 10 kV. 

Light and fluorescence microscopy images of particles were taken on 
an EVOS FL microscope at 20x magnification. Particles were prepared in 
ultrapure water and suspended at a concentration of 0.25 mg/mL. 400 
µL of these suspensions was added to a well of a 48-well plate and 
allowed to settle prior to image acquisition. Fluorescence images were 
taken on the green GFP (470 nm) fluorescence setting. 

2.7. Measurement of particle size 

Particle size was found by analyzing light microscopy images using 
ImageJ software. Briefly, three representative images were taken of each 
particle condition and converted to binary (B/W) colors. The Particle 
Analysis plugin in ImageJ was used to measure particle diameter. We 
report the mean particle diameter and the coefficient of variation (CV 
%), which is the standard deviation divided by the mean. We validated 
this method previously (Isely et al., 2019) by accurately measuring the 
size of purchased polystyrene beads. 

2.8. Mass yield and resveratrol loading 

Mass yield was calculated by dividing the mass of recovered particles 
by the mass of polymer and resveratrol emulsified. Particle mass yield 
was calculated according to Eq. (1). 

MassYield(%) =

(
MPT

MPol + MRE

)

*100 (1)  

where MPT is the mass of particles recovered from the emulsion, MPol is 
the mass of polymer added to the emulsion, and MRE is the mass of 
resveratrol added to the emulsion. 

Resveratrol content was determined by dissolving 1 mg of particles 
in 1 mL DMSO and measuring absorbance at 330 nm using a Spectramax 
190 UV–Vis spectrophotometer. A 10-point standard curve was prepared 
by dissolving 1 mg of empty particles and a known mass of resveratrol in 
DMSO. Resveratrol concentration was determined by comparing the 
unknown samples to the standard curve. Resveratrol loading (µg/mg) 
was calculated by dividing the mass of resveratrol extrapolated from the 
standard curve by the mass of particles dissolved in DMSO. Resveratrol 
loading was calculated by equation (2). 

Loading
(

μg
mg

)

=
MR

MP
(2)  

where MP is the mass of particles dissolved in DMSO and MR is the mass 
of resveratrol measured in those particles. 

2.9. Calculation of surface area 

Surface area of particles was determined by the Brunauer Emmet 
Teller (BET) gas adsorption method (Brunauer et al., 1938) using 
krypton adsorption isotherms measured using a Micromeritics ASAP 
2020 physisorption instrument. Approximately 250 mg of particles were 
weighed out in a glass sample tube and degassed for 12 h at 30 ◦C. 
Krypton adsorption measurements were then carried out at 77 K up to P/ 
P0 = 0.3. BET transformation of the Kr adsorption isotherms was fit with 
linear regression over appropriate range. Linear fitting of BET transform 
plot was considered acceptable above an R2 of 0.999. We validated that 
our protocol would provide accurate, reproducible measurements by 
analyzing 250 mg of a low surface area silica standard (0.20 ± 0.03 m2/ 
g) provided by Micromeritics in three independent experiments 
(Table 2.) The average value for the three trials fell within the reported 
range of the low SA alumina standard. Surface area measurements of 
polymer particles were then run 1 or 2 times for each condition. 

2.10. Differential centrifugation of nonspherical particles 

Particles were separated by size based on the principle that large 
particles sediment more readily than small particles. For our system, we 
found that 10 min of centrifugation at 1xg sedimented 25 µm particles 
while 30xg sedimented 6 µm particles and 250xg sedimented 2 µm 
particles and smaller. We suspended 50 mg of nonspherical particles in 
40 mL water in a 50 mL centrifugation tube and centrifuged at 1xg for 
10 min. The supernatant was then collected and centrifuged for 10 min 
at 30xg. Finally, the supernatant of the second spin was centrifuged at 
250xg for 10 min. This produced particles in size ranges of 2 µm – 6 µm, 
6 µm – 25 µm, and 25 µm and larger. Particle sizing is described earlier in 
the methods. 

3. Results 

3.1. Observing particle formation with video microscopy 

Previously, we reported that the addition of resveratrol to the oil 
phase of a DCM/PLG/PVA/H2O emulsion using ethanol as co-solvent led 
to the formation of nonspherical particles with creased or wrinkled 

Table 2 
Surface area measurements of low surface area silica standard.  

Trial # (Date) BET Surface area (m2/g) 

1 (11/16/19) 0.1703 ± 0.0045 
2 (11/21/19) 0.1730 ± 0.0014 
3 (11/22/19) 0.1757 ± 0.0014  
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surfaces (Isely et al., 2019). To visualize the process by which the oil 
droplets become nonspherical particles, we imaged particle formation 
using video microscopy (Video 1, 2, 3). This was achieved by forming 
the emulsion and then rapidly transferring a small sample to a glass slide 
for observation and video recording. We found that in emulsions with 
resveratrol, droplets buckled and crumpled as they decreased in volume, 
presumably as DCM and ethanol diffuse out of the droplet. In contrast, 
droplets formed without resveratrol maintained spherical geometry as 
their volume decreased (Fig. 1). SEM images confirm that particles made 
with DCM or DCM and ethanol are spherical, while most particles made 
with resveratrol are highly crumpled (Fig. 1, fourth column). The video 
microscopy indicates that when resveratrol is incorporated into the 
emulsion, the droplet deviates from its spherical form as volume is 
decreased leading to a crumpled morphology. 

Video 1. 

Video 2. 

Video 3. 
3.2. XRD analysis 

We next sought to determine if the resveratrol was crystalline in the 
particles made with the small molecule. To determine this, we con-
ducted X-ray diffraction (Fig. 2, PLG + RSV, blue line). For comparison, 
we also investigated free resveratrol (RSV, black line), particles made 
without resveratrol (PLG, orange line), and a physical mixture of the two 
(PLG + RSV Mixed, yellow line). Particles made with resveratrol had a 
loading of 65 µg/mg or 6.5%, and thus, the physical mixture was 6.5% 
resveratrol by mass. The diffractogram for free resveratrol indicated it 
was crystalline with several sharp diffraction peaks at 7.0, 16.7, 19.6 
and 28.6◦ among others. The amorphous nature of the particles made 
without resveratrol was evidenced by a broad peak between 10 and 25◦. 
The physical mixture of resveratrol and particles exhibited several 
diffraction peaks (including 7.1, 16.9, 19.9, 29.0◦), indicating crystal-
line resveratrol could be detected at the weight percent used (6.5%). The 
diffractogram for the particles made with resveratrol exhibited peaks at 
7.0, 16.8, 19.6 and 28.7◦, similar to those observed in the physical 

Fig. 1. Images from video microscopy of particle formation with corresponding SEM images. The results of three emulsions are shown. For all cases, the concen-
tration of PLG in the oil phase is 6% and the concentration of PVA in the aqueous phase is 1%. The formulation of the oil phase varies by row. The top row is 100% 
DCM. The middle row is 75% DCM and 25% ethanol (ETOH). The bottom row is 75% DCM, 25% ETOH and 10 mg/mL resveratrol (RSV). Frames are shown from the 
beginning of video acquisition (t = 0), midway through the video (t = 1/2) and at the end of the video when particle size has stabilized (t = final). Red arrows 
indicate the same droplet over time for each condition. SEM images of the particles are shown in the right-hand column. 
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mixture (albeit they were smaller). The data suggest that a small amount 
of the resveratrol may be crystalline in the particles made with the small 
molecule. 

3.3. Sessile drop analysis of interfacial tension 

Decreasing interfacial tension of an emulsion can lead to deviations 
from spherical morphology (Hussain et al., 2019; Liu et al., 2012). To 
determine if resveratrol was affecting interfacial tension, we employed 
the sessile drop method to study the shape of a drop of the organic phase 
in the aqueous phase. In this method, the height of the drop is directly 
proportional to the interfacial tension between the two phases (Roten-
berg et al., 1983). Fig. 3A shows that PLG dissolved in DCM pipetted into 
an aqueous solution of PVA forms a sessile drop on the bottom of the 
vial. Fig. 3B indicates that when the organic phase (PLG + DCM) con-
tains 25% ethanol the drop decreases in height, indicating the interfacial 
tension is decreased, which is consistent with another study (Rawat and 
Burgess, 2010). In Fig. 3C, resveratrol is added to the organic phase 

containing DCM, PLG and ethanol. The resveratrol can be seen diffusing 
into the aqueous phase as a white precipitate. The drop containing 
resveratrol appears to have a similar height to the drop containing only 
DCM and PLG (Fig. 3A), suggesting the addition of resveratrol nullifies 
the decrease in interfacial tension caused by the ethanol. 

3.4. Effect of hydroxyl group number and placement on particle 
morphology 

Resveratrol is a trans-stilbene derivative where hydroxyl groups 
reside at the 3, 5, and 4′ positions relative to the double bond (Fig. 4c). 
We hypothesized that hydroxyl group number and placement would 
impact particle morphology. Thus, we produced particles with trans- 
stilbene, which has no OH groups, pinosylvin, which lacks the 4′ OH 
group of resveratrol, and piceatannol, which has an additional OH group 
at the 3′ position when compared to resveratrol (Fig. 4). We found that 
incorporation of trans-stilbene or pinosylvin into the emulsion resulted 
in spherical particles. In contrast, incorporation of piceatannol largely 
inhibited particle formation. The mass yield of particles dropped from 
60% (for trans-stilbene) to 12% for piceatannol, making it difficult to 
study the piceatannol particles via microscopy (Fig. 4D). The particles 
that did form in the presence of piceatannol appeared irregular in shape. 
We conclude that the degree of hydroxyl substitution impacts emulsion 
stability. Furthermore, of the trans-stilbene derivatives investigated, the 
number and placement of hydroxyl groups in resveratrol appear to be 
optimal for inducing crumpled particle morphology at the conditions 
tested. 

3.5. Relative contributions of ethanol and resveratrol on particle 
morphology 

We next investigated the relative contributions of ethanol and 
resveratrol on particle morphology. Decreasing the resveratrol concen-
tration from 10 mg/mL (used to make the particles depicted in Figs. 1 
and 4 C) to 4 mg/mL, while maintaining the ethanol concentration at 
25%, led to particles that were mostly spherical; however, we did 

Fig. 2. X-ray diffraction. Diffractogram of free resveratrol (RSV, black curve), PLG particles (PLG, orange curve), particles made with resveratrol with a loading of 65 
µg/mg (PLG + RSV, blue curve) and a physical mixture of particles and resveratrol that was 6.5% resveratrol by mass (PLG + RSV Mixed, yellow curve). Curves are 
displayed as Intensity vs. 2θ. Diffraction peaks shared by the particles containing resveratrol (blue curve), the physical mixture of particles and resveratrol (yellow 
curve,) and free resveratrol (black curve) are indicated with dotted blue lines with the corresponding 2θ measurement reported directly above the line. 

Fig. 3. Effect of ethanol and resveratrol on sessile drop formation. Image of 
sessile drops formed by pipetting the organic phase into aqueous solution of 
PVA. Aqueous phase is 1% PVA in water. The organic phase is 6% PLG dis-
solved in A) 100% DCM, B) 25% ethanol 75% DCM and C) 25% ethanol 75% 
DCM and 10 mg/mL resveratrol. Arrows delineate the organic droplet against 
the bottom of the vial. 
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observe a small population of particles with crumpled morphology 
(Fig. 5 A,D, red arrows). Particles made this way had relatively low 
resveratrol loading, 1.5 µg/mL. Particles made with 25% ethanol, but no 
resveratrol were spherical, indicating resveratrol is required for particle 
crumpling (Fig. 5 B,E). Interestingly, when ethanol concentration was 
decreased to 10% while maintaining resveratrol at 4 mg/mL, particles 
were also spherical (Fig. 5 C,F) and had a resveratrol loading of 4 mg/ 
mL, which was 2.6-fold higher compared to the conditions in Fig. 5 A,D. 
The data suggests that resveratrol loading may not be the defining factor 
that dictates particle morphology and that ethanol may enhance 
resveratrol’s effect on particle buckling and crumpling. 

3.6. The effect of cosolvent on particle morphology 

Here, we sought to understand the effect of cosolvent on particle 
morphology. To accomplish this, we fabricated particles using either 
ethanol, methanol, or acetone as the cosolvent. All three solvents are 
able to solubilize resveratrol to a similar degree (50 mg/mL, Table 3). 
One difference between these three solvents is their solubility in water, 
which is also reflected by their LogP values (Table 3). Specifically, 
methanol is about twice as soluble in water as acetone, and ethanol’s 

solubility resides in between methanol and acetone. An additional dif-
ference is that PLG is soluble in acetone at 6%, but not in ethanol or 
methanol (Table 3). 

Utilizing ethanol as the cosolvent resulted in many highly crumpled 
particles and some smaller particles that were spherical (Fig. 6A,D). 
Resveratrol content of the particles made with ethanol was 65 µg/mg. 
Utilizing methanol as the cosolvent also resulted in crumpled particles 
and a population of spherical particles that tended to be smaller than the 
nonspherical particles (Fig. 6B,E). Resveratrol content of particles made 
with methanol was 50 µg/mg. Finally, when acetone was used as the 

Fig. 4. Effect of resveratrol-like molecules on particle morphology. Particles were made with an organic phase that was 25% ethanol, 75% DCM, and 6% PLG. In 
addition, the organic phase contained a stilbene at 10 mg/mL. The stilbenes investigated were (A) trans-stilbene, (B) pinosylvin, (C) resveratrol, or (D) piceatannol. 
Light microscopy images are shown along with the stilbene’s structure and logP. The mass yield of particles is also listed. Scale bars indicate 50 µm. 

4 μg/mg

A B C

E FD

25%, 4mg/mL

1.5 μg/mg 0 μg/mg

25%, 0mg/mL 10%, 4mg/mL

Fig. 5. Relative contributions of ethanol and resveratrol on particle morphology. (A-C) Light microscopy images and (D-F) SEM images of particles made with 
differing amounts of resveratrol and ethanol in the oil phase. (A,D) 25% ethanol and 4 mg/mL resveratrol, (B,E) 25% ethanol and 0 mg/mL resveratrol, (C,F) 10% 
ethanol and 4 mg/mL resveratrol. Red arrows indicate crumpled particles. Scale bars indicate 50 µm. 

Table 3 
Solvent Properties (Banerjee, 1984; Riddick et al., 1986; Schneider, 1983).  

Solvent RSV Solubility 
(mg/mL) 

6% PLG 
solubility 

Solubility in 
Water 

LogP 

Methanol 50 No 31.21 M − 0.77 
Ethanol 50 No 21.71 M − 0.31 
Acetone 50 Soluble 17.22 M − 0.24 
Ethyl Acetate 10 Soluble 0.91 M 0.73 
Dichloromethane None Soluble 0.15 M 1.25  
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cosolvent, particle morphology resembled collapsed spheres, with deep 
indentations (Fig. 6C,F). Once again, spherical particles were also 
observed, but they tended to be smaller than the nonspherical particles. 
Resveratrol content of particles made with acetone was 18 µg/mg. In 
addition, particles made with methanol or acetone, but without 
resveratrol, were spherical (data not shown), which was the case when 
ethanol, but no resveratrol was used (Fig. 1). 

To quantify the differences in morphology between the particles 
formed with the three cosolvents, we calculated surface area using 
krypton gas adsorption measurements and BET theory. Particles made 
with ethanol, methanol, and acetone had specific surface areas of 1.2, 
0.91, and 0.71 m2/g, respectively. The data indicates the crumpled 
morphology achieved with ethanol has 70% higher specific surface area 
than the collapsed spheres made with acetone. In addition, we find 
surface area correlates with resveratrol content. 

3.7. Effect of ethyl acetate as the organic solvent on particle morphology 

The data up to this point led us to hypothesize that the two solvent 
system involving DCM and a cosolvent was causing nonspherical par-
ticle formation. Thus, we searched for a solvent able to solubilize both 
PLG and resveratrol. We found that resveratrol was soluble up to 10 mg/ 
mL in ethyl acetate containing 6% PLG (Table 3). In addition, ethyl 
acetate has been used to make PLG particles using PVA as the emulsifier 
(Sah, 1997). Particles fabricated using ethyl acetate containing the same 
concentrations of resveratrol (10 mg/mL) and PLG (6%) as the DCM/ 
ethanol system were smooth and spherical instead of crumpled (Fig. 7). 
Particles made with ethyl acetate had similar loading to the highest 

loaded particles made with DCM and ethanol (57 µg/mg vs 65 µg/mg), 
but a lower surface area (0.78 m2/g vs 1.2 m2/g). This was expected 
because the particles made with ethyl acetate were spherical. Thus, we 
conclude that particle buckling that leads to the crumpled morphology is 
specific to when particles are made with resveratrol, and DCM is used 
with a cosolvent. 

3.8. Production of nonspherical particles using polycaprolactone and poly 
(L-lactide) 

We were interested if crumpled particles could be produced from 
other polyesters that have been FDA approved for use in medical devices 
and drug delivery systems. We found that nonspherical particle forma-
tion could be achieved using polycaprolactone (PCL) or poly(L-lactide) 
(PLLA), which is demonstrated in Fig. 8 A and C. To confirm that 
resveratrol was required for nonspherical particle formation, we made 
particles without resveratrol (blank particles) and confirmed they were 
spherical (Fig. 8 B,D). Interestingly, the PCL particles were larger than 
the PLLA particles, which were similar in size when compared to PLG 
particles made without resveratrol. The PCL particles were probably 
larger because the PCL used has a higher inherent viscosity than the 
other two polymers and will naturally form larger droplets in the 
emulsion (Li et al., 2008). 

3.9. Incorporation of coumarin 6 into resveratrol loaded particles 

One application of nonspherical particles is drug delivery, and we 
investigated if a hydrophobic agent could be encapsulated in the 

DCM+Methanol DCM+AcetoneDCM+Ethanol

A CB

D FE

65 μg/mg
1.2 m2/g

50 μg/mg
0.91 m2/g

18 μg/mg
0.71 m2/g

Fig. 6. The effect of cosolvent on particle 
morphology. Representative images of PLG particles 
made with organic phases that were: (A,D) 25% 
ethanol and 75% DCM, (B,E) 25% methanol and 75% 
DCM, and (C,F) 25% acetone and 75% DCM. (A-C) 
are light microscopy images and (D-F) are SEM. The 
oil phase contained 6% PLG and 10 mg/mL RSV. The 
aqueous phase contained 1% PVA. Scale bars indicate 
50 µm. Resveratrol loading is listed for each formu-
lation in μg/mg. Surface area was determined by BET 
theory applied to Krypton adsorption isotherms and 
is listed in m2/g.   

Fig. 7. Effect of Ethyl Acetate on particle morphology. Light microscope (A) and SEM (B) images of resveratrol loaded particles made with ethyl acetate as the 
organic solvent. The oil phase contained 10 mg/mL resveratrol and 6% PLG. The aqueous phase contained 1% PVA. Resveratrol loading was 57 µg/mg and the 
surface area was calculated to be 0.78 m2/g. Scale bars indicate 50 µm. 
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crumpled particles formed with resveratrol. As proof of concept, we 
added coumarin 6, a hydrophobic fluorochrome, to the oil phase con-
taining ethanol, DCM, PLG and resveratrol. These particles formed with 
the same crumpled morphology as particles produced without coumarin 
6 (compare Fig. 9A with Fig. 6A) and were highly fluorescent (Fig. 9B), 
indicating coumarin 6 was successfully encapsulated. Encapsulating 

coumarin 6 in the absence of resveratrol resulted in smooth particles, 
demonstrating that coumarin 6 does not have an effect on particle 
morphology (Fig. 9 C,D). These results suggest that hydrophobic 
bioactive agents could be encapsulated into the crumpled particles for 
drug delivery applications. 

Fig. 8. Morphology of polycaprolactone (PCL) and poly(L-lactide) (PLLA) particles made with resveratrol. Representative images of particles made with an oil phase 
consisting of (A,C) 25% ethanol and 75% DCM and 10 mg/mL of resveratrol or (B,D) 100% DCM with no resveratrol. (A,B) were made with an oil phase that was 6% 
PCL and (C,D) were made with an oil phase that was 6% PLLA. The aqueous phase of the emulsion contained 1% PVA. Scale bars indicate 50 µm. 

Bright Field Fluorescence

A B

C D

Fig. 9. Coumarin 6 can be encapsulated into crumpled particles formed with resveratrol. Particles were fabricated with an oil phase consisting of 25% ethanol, 75% 
DCM, 6% PLG, and 0.5 mg/mL coumarin 6 with (A, B) or without (C,D) 10 mg/mL resveratrol. Scale bar indicates 50 µm. 
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3.10. Separation of nonspherical particles by size 

Particle size impacts drug release kinetics (Chen et al., 2017). Size 
also dictates how a biological system will interact with the particle. For 
example, particles smaller than 6 µm are readily phagocytosed by 
macrophages, while larger particles are left to reside in the extracellular 
space (Veiseh et al., 2015). To demonstrate that nonspherical particles 
could be sorted based on size, differential centrifugation was employed 
to separate particles made with 25% ethanol and 75% DCM and 10 mg/ 
mL of resveratrol. The process successfully separated 3 size ranges, as 
can be seen in Fig. 10. Centrifugation at 1xg collected particles above 25 
µm (Fig. 10A). A subsequent round of centrifugation at 30xg collected 
particles between 6 µm and 25 µm (Fig. 10B). A final round of centri-
fugation at 250xg collected particles that were less than 6 µm (Fig. 10C). 
The images suggest that the frequency of crumpled particles may 
decrease as size decreases. 

4. Discussion 

The O/W emulsion/solvent extraction technique is a simple and 
scalable method for producing polymer particles, and has been used in 
the fabrication of several FDA approved polymer particle therapies 
(Wischke and Schwendeman, 2008). However, it is challenging to pro-
duce particles of nonspherical morphology, as O/W emulsions prefer-
entially produce spherical particles. Here we present a facile method for 
producing nonspherical PLG particles by adding resveratrol and a 
cosolvent to the oil phase of a DCM/PLG/PVA/H2O emulsion. While 
addition of resveratrol and ethanol produce particles with a “crumpled 
paper” morphology, addition of resveratrol and acetone produce parti-
cles with a morphology that resembles deflated or indented spheres. We 
demonstrate broad applicability of the technique by producing 
nonspherical particles out of polycaprolactone and poly(L-lactide) in 
addition to PLG. Importantly, PCL and PLL are slower degrading poly-
mers compared to PLG. Using polymers with varying degradation times 
can be used to modulate release rates for drug delivery applications 
(Hines and Kaplan, 2013). In addition, we co-encapsulate resveratrol 
with a hydrophobic fluorescent dye, coumarin 6, which produces fluo-
rescent nonspherical particles. This result suggests hydrophobic bioac-
tive agents could be encapsulated into the crumpled particles for drug 
delivery applications. A previous study co-encapsulated nonspherical 
particles with fluorescent molecules with a lithography approach 
(Rolland et al., 2005), but the benefit of our system is that the O/W 
emulsion/solvent extraction is more scalable. Finally, we show that 
using differential centrifugation we can purify large particles (>25 µm 
particles) that could act as drug depots or smaller particles (less than 6 
µm) that could be endocytosed for intracellular drug delivery applica-
tions (Champion et al., 2008; Kissel et al., 1991). 

To our knowledge, no other studies have reported production of 
crumpled or highly deformed spherical particles using the O/W emul-
sion/solvent extraction technique (Jindal, 2017). Many nonspherical 
particles have been produced using microfluidics, photopolymerization 
and lithography. A wide variety of shapes have been made using these 
methods such as rods, discs, rings, and wrinkled particles (Champion 
et al., 2007; Jindal, 2017; Li et al., 2016). These methods have been 

successful in controlling morphology; however, those fabrication pro-
cesses are not currently used to make FDA approved controlled release 
formulations (Wischke and Schwendeman, 2008) and they are less 
efficient than the O/W emulsion/solvent extraction in terms of making 
large quantities of particles for industrial purposes. 

Video microscopy revealed that addition of resveratrol and ethanol 
to the dispersed phase of the emulsion caused the spherical droplets to 
buckle as they decreased in volume leading to a crumpled morphology. 
Generally, droplets in these emulsions (i.e. DCM/PLG/PVA/H2O) 
remain spherical up until the polymers precipitate and the particle 
forms. This is likely because there is sufficient mobility for the polymer 
chains to reorganize and condense as droplet volume deceases (due to 
diffusion of DCM out of the droplet). The buckling behavior observed 
when resveratrol and ethanol are added to the emulsion is reminiscent of 
when a thin, spherical elastic shell is deformed by applying external 
pressure or reducing the volume (Vliegenthart and Gompper, 2011). 
This phenomenon can be visualized with a ping pong ball. When pressed 
on at a single location, with sufficient force, the shell indents. If the ball 
is pressed on at multiple points with sufficient force, the shell crumples 
with multiple indentations. It is unclear why the emulsion droplets 
crumple with the addition of resveratrol and ethanol. The literature is 
rich with reports of encapsulating small molecules in PLG particles 
(Berkland et al., 2003; Chen et al., 2017; Dawes et al., 2009; Raman 
et al., 2005) and, to our knowledge, crumpled morphology was not 
observed, even when ethanol was added to a DCM/PLG/PVA/H2O 
emulsion used to encapsulate dexamethasone (Rawat and Burgess, 
2010). It does appear that the hydroxyl groups are optimally positioned 
on resveratrol to induce the crumpled morphology because switching 
out resveratrol for pinosylvin, which lacks the 4′ hydroxyl group, led to 
spherical particles, while using piceatannol with the additional 3′ hy-
droxyl decreased particle yield to 12%, indicating particle formation 
was disrupted in some way. We think that resveratrol somehow restricts 
chain motion of the polymers at the oil–water interface. The reduction in 
their fluidity would introduce a shear modulus that could lead to 
buckling behavior as the droplet decreases in volume (Witten, 2007). 
XRD of the highly crumpled particles suggest that there may be small 
amounts of crystalline resveratrol. Perhaps these crystalline regions 
form at the oil–water interface during solvent extraction and restrict 
polymer chain motion as the droplet shrinks. In support of this idea, a 
white precipitate is seen forming at the oil water interface in the sessile 
drop experiment. Another possibility is that resveratrol molecules, 
rather than crystals, restrict chain motion during droplet shrinkage. We 
propose that resveratrol might accomplish this by hydrogen bonding 
with carbonyl groups in the PVA. 

Cosolvent appears to play an important role in resveratrol-induced 
particle crumpling. We believe this role is to transport resveratrol to 
the oil–water interface. Addition of resveratrol to the DCM/PLG/PVA/ 
H2O emulsion with the aid of ethanol, methanol, or acetone all led to 
particle crumpling (albeit varying degrees, discussed below). In 
contrast, when ethyl acetate was used instead of DCM, a cosolvent was 
not needed and particles remained spherical. Furthermore, there is a 
dose dependence of cosolvent on particle crumpling. When the oil phase 
contained 10% ethanol and 4 mg/mL resveratrol, only spherical parti-
cles were observed; however, when ethanol was increased to 25%, 

Fig. 10. Nonspherical particles can be separated 
by size using differential centrifugation. Particles 
were fabricated with an oil phase consisting of 
25% ethanol, 75% DCM 6% PLG, and 10 mg/mL 
resveratrol. The aqueous phase was 1% PVA. 
Particles were separated by size using differential 
centrifugation. Particles were first centrifuged at 
1xg (A), then at 30xg (B), and finally at 250xg (C) 
each for 10 min. These steps produced particles 
that were 25 µm and greater (A), 25 µm – 6 µm 
(B), and less than 6 µm (C).   
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particle crumpling was detected in a small population of particles. We 
propose that as the cosolvent leaves the droplet, some portion of the 
resveratrol is redistributed from the bulk of the droplet to the surface, 
and greater redistribution is achieved by increasing cosolvent concen-
tration. Interestingly, particles made with 25% ethanol, which exhibited 
a low frequency of particle crumpling, contained less resveratrol (2.5x 
less) than the those made with 10% ethanol. It is tempting to conclude 
that resveratrol content and particle crumpling can be decoupled as long 
as sufficient resveratrol is transported to the oil-water interface. How-
ever, we caution that the resveratrol measurements are an average value 
for the entire batch of particles and may not reflect the true loading of 
the small population of crumpled particles, which could have much 
higher resveratrol content than the smooth particles. 

The cosolvent used had a dramatic effect on particle morphology in 
some cases. By switching out ethanol for acetone we produced particles 
resembling deflated spheres with few, large indentations rather than 
spheres that were highly crumpled. The shape of a deformed thin 
spherical shell, which can vary from a sphere with a single indentation 
to sphere with many indentations, which appears highly crumpled, de-
pends on deformation rate, extent of volume change, and the Föppl-von 
Kármán (FvK) number (Vliegenthart and Gompper, 2011). The FvK 
number is the ratio of shell radius to shell thickness scaled by Poisson’s 
ratio. Essentially, shells with a larger FvK deform more readily and, thus, 
require a smaller volume change in order to deform. Modeling indicates 
that for a given FvK and volume change, a large deformation rate leads 
to the simultaneous formation of many indentations that culminate in a 
high degree of crumpling, while a sufficiently slow deformation rate 
results in a single indentation (Vliegenthart and Gompper, 2011). In 
fact, the modeling suggests there is a lower limit on deformation rate 
that must be achieved otherwise only 1 or 2 indentations result (Vlie-
genthart and Gompper, 2011), and the morphology resembles that of the 
particles made with acetone. We propose that deformation rate (i.e. 
change in droplet volume) may be different for droplets formed with 
ethanol versus acetone because ethanol has a higher solubility in water 
(Table 3) and could possibly leave the droplet faster. Following this 
logic, using ethanol as a co-solvent leads to droplet deformation rates 
that support multiple indentations and a highly crumpled surface when 
the particle forms, while using acetone leads to relatively slower 
deformation rates that cause fewer indentations and a deflated sphere 
morphology. 

The hypothesis that crumpled particle morphology correlates with 
cosolvent solubility with water is not supported by the methanol data. 
Indeed, methanol is more soluble in water than ethanol or acetone. 
Furthermore, the difference in water solubility is actually greater be-
tween methanol and ethanol than ethanol and acetone (Table 3). Despite 
this, particles made with methanol had less surface area compared to 
particles made by ethanol, indicating they were less crumpled or there 
was a lower frequency of droplets that crumpled. Thus, factors other 
than cosolvent miscibility with water must also be important in deter-
mining particle morphology. We found that surface area correlates with 
resveratrol content among the particles made with the three different 
cosolvents. Particles made with ethanol had a resveratrol content of 65 
µg/mg and a surface area of 1.2 m2/g. Particles made with methanol 
contained 23% less resveratrol and had a corresponding 25% decrease in 
surface area compared to the particles made with ethanol. However, 
particles made with acetone contained 72% less resveratrol than those 
made with ethanol but exhibited only a 40% decrease in surface area. 
We believe this data indicates that some cosolvents are better at trans-
porting and/or retaining resveratrol at the oil–water interface at critical 
levels that support droplet deformation as it shrinks, with both ethanol 
and acetone outperforming methanol in this regard. 

Many of the nonspherical particles observed were greater than 20 µm 
in size, ranging up to almost 50 µm. Potential biomedical applications 
for particles in this size range include acting as a drug depot or acting as 
a matrix for cell attachment and growth. PLG microspheres loaded with 
naltrexone have been FDA approved, and have an average diameter 

around 60 µm (Andhariya et al., 2017). The naltrexone particles are 
smooth and spherical and provide nearly a zero-order release profile 
over 4 weeks. It is established that particle morphology impacts drug 
release (Jindal, 2017). While it is unknown how the morphologies 
produced herein would impact drug release profiles, we expect that drug 
release would be increased (compared to spherical particles with similar 
size and drug loading) due to increased surface area. It has also been 
reported that 40 µm particles with wrinkled surfaces promote greater 
cell adhesion, when used as matrices for fibroblast culture, compared to 
smooth particles (Li et al., 2016). Thus, crumpled drug delivery depots 
might be leveraged to target cell populations in tissues based on their 
propensity to adhere to the crumpled surface. 

Intracellular delivery of bioactive factors is an important aspect of 
drug delivery, especially when modulating the immune system (Liu 
et al., 2019; Shae et al., 2019; Son et al., 2020; Zhang et al., 2019). While 
many of the nonspherical particles produced herein are too large for 
endocytosis, we believe that the emulsion conditions can be modified to 
produce smaller, nonspherical particles with ridges and flat surfaces that 
might impact cell uptake and intracellular delivery of bioactive factors. 
For example, decreasing polymer molecular weight and increasing ho-
mogenization speeds produces smaller droplets that will condense into 
smaller particles (Li et al., 2008). However, it is important to consider 
that the small particles were less likely to be crumpled or indented in the 
present work. This was not surprising because smaller droplets have a 
smaller FvK number and thus are more resistant to crumpling (Vlie-
genthart and Gompper, 2011). The resistance of small droplets to 
crumpling has also been reported for Pickering emulsions, in which the 
droplet surface is solid (Datta et al., 2010). For thin, elastic shells with 
small FvK numbers, slow deformation rates were more effective at 
producing indentations (Vliegenthart and Gompper, 2011). Thus, 
focusing on acetone as the cosolvent may be a promising avenue to 
develop small, nonspherical particles for intracellular drug delivery. 

A final consideration is the effect of resveratrol delivery from the 
particle, since it is required to modulate particle shape. When given 
orally, resveratrol has been found to be an antioxidant (de la Lastra and 
Villegas, 2007), anti-inflammatory (De la Lastra and Villegas, 2005), or 
an exercise mimetic (Baur and Sinclair, 2006). Resveratrol is available as 
a supplement in pill form and high doses (150 mg, six times/day, for 
thirteen doses) were well tolerated in a clinical trial (Almeida et al., 
2009). In vitro, it is found that concentrations of 50–100 µM do not 
induce toxicity while inducing lipid mobilization in adipocytes and 
downregulation of inflammatory signaling in macrophages (Cullberg 
et al., 2014; Picard et al., 2004). For comparison, if 1 mg of the highly 
crumpled particles (resveratrol loading of 65 µg/mg) released their 
resveratrol content into 100 mL of water (or tissue) instantaneously, the 
concentration would be less than 3 µM. Thus, while resveratrol toxicity 
would need to be investigated for each biological system in which the 
particles were applied, we believe it is plausible the resveratrol would be 
well tolerated and could possibly synergize with other drug payloads. In 
addition, resveratrol can also act as a preservative and increases the 
stability of a-tocopherol encapsulated in whey protein particles sub-
jected to oxidizing conditions (Wang et al., 2016). However, if resver-
atrol loading is undesirable, our previous research demonstrates we can 
decrease loading by up to 60% with a 1-minute ethanol wash (Isely 
et al., 2019). How this wash affects the loading of other bioactive factors 
will need to be carefully studied as we move this technology forward. 

5. Conclusion 

Addition of resveratrol, with the aid of a cosolvent, to an emulsion of 
dichloromethane and poly(lactide-co-glycolide) in aqueous polyvinyl 
alcohol leads to the production of nonspherical particles following sol-
vent extraction. Particle shape can be modulated by cosolvent type with 
ethanol yielding highly crumpled particles and acetone leading to par-
ticles that resemble deflated spheres. In addition, spherical particles can 
be obtained if ethyl acetate is used in lieu of dichloromethane and a 
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cosolvent. The method extends to polycaprolactone and poly(L-lactic 
acid) and is compatible with the encapsulation of a hydrophobic fluo-
rescent dye, suggesting hydrophobic bioactive agents could be encap-
sulated. Video microscopy revealed that oil droplets crumple as they 
decrease in volume during solvent extraction when resveratrol and 
ethanol were present. Crumpling did not occur when droplets contained 
ethanol without resveratrol and geometry remained spherical until the 
particles formed. This crumpling behavior is similar to when a thin 
elastic shell is deformed and suggests that the surface of the droplets 
containing ethanol and resveratrol may not be sufficiently fluid to 
maintain a spherical morphology as the droplet decreases in volume. 
Resveratrol’s hydroxyl groups appear to be optimally positioned to 
induce the non-spherical particles because the crumpling is lost with the 
removal of the 4′ hydroxyl group or the addition of a 3′ hydroxyl group. 
Based on all the data, we propose that resveratrol inhibits chain motion 
of polymers at the droplet’s surface that must reorganize in order to 
maintain a spherical geometry and the function of the cosolvent is to 
redistribute resveratrol from the droplet’s bulk to its surface. To our 
knowledge, no other studies have reported production of crumpled or 
highly deformed spherical particles using the oil in water emulsion/ 
solvent extraction technique. Since particle morphology impacts drug 
release kinetics and how biological systems engage with a biomaterial, 
this method could be used to fine-tune FDA approved polymer-based 
controlled release therapies already on the market or enable the devel-
opment of novel particle based systems to control or study cell biology. 
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