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Abstract

In this work neutron and X-ray scattering are used to quantitatively characterize multi-scale phase 

separation in a model blend of poly(D,L-lactide-co-glycolide) or poly(D,L-lactide), both synthetic 

biodegradable polymers, and palmitic acid. We find that phase separation occurs on two different 

length scales from tens of nanometers to microns. Moreover, the large-scale phase separation 

mechanism is sensitive to the lactide to glycolide ratio of the polymer matrix and can limit the 

growth of nanoscale domains of the dispersed palmitic acid. The multiscale structure in these 

composite materials is directly tied to function in pharmaceutical applications where phase 

separation and small molecule crystallization are factors that determine controlled release 

behaviors and drug efficacy. 
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1. Introduction

Polymer and small molecule formulations are found in a wide variety of applications. 

Polymers have been used to improve processibility while controlling crystallization of small 

molecule semiconductors1; release antimicrobials, antioxidants, or other active agents from edible 

or biodegradable coatings2–5; template wax recrystallization with a hierarchical structure to 

mitigate plugging of crude oils and diesel fuels in flow conditions6; and to encapsulate or stabilize 

phase change materials for thermal energy storage applications.7,8 In all of these systems, 

molecular interactions between the polymer chains and small molecules influence structure and 

phase separation, and therefore performance, of the blend. In this study we focus on a specific type 

of polymer-small molecule blends used in the pharmaceutical industry.

Polymer-based pharmaceutical formulations have a vast design space that provides access 

to a broad range of functionality, from burst to sustained drug release, oral pills and tablets, to 

biodegradable or non-biodegradable implants, and this has led to the development of many 

advanced technologies.9–15 Forms include solid films, fibers, porous membranes, or injectable self-

assembling colloidal systems, such as polymeric nanoparticles or hydrogels.12–16 In solid blends or 

composite materials, the active pharmaceutical ingredients (APIs) are dispersed throughout a 

matrix of one or more polymers and any desired additives, or the polymer chains can be covalently 

modified with active moieties to form polymer-drug conjugates.12–14,17 Alternatively, concentrated 

drug cores are encapsulated by polymer coatings or membranes with a controlled degradation time 

or desired diffusion rate.12,13 Amorphous solid dispersions (ASDs) are one type of composite- or 

blend-type formulation that rely on a polymer matrix to kinetically trap amorphous phases of a 

poorly-water-soluble API to increase its free energy and bioavailability to the body.18–21 
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Migration, phase separation, and eventual recrystallization of the dispersed API can limit 

an ASD’s shelf-life and efficacy. Therefore, understanding the structure and phase morphology 

across many length scales, which are sensitive to thermal, chemical, and mechanical conditions 

during manufacturing, storage, and administration, is important to advancing development of these 

polymer and small molecule formulations.21,22  The size, polydispersity, and heterogeneity of API-

rich domains are relevant to stability, dissolution or drug release behavior, and bioavailability of 

ASDs.20,23–28 Yang, et al. found that it was the formation of larger continuous API phases near the 

surface of the blend in solution that slowed drug release compared to small droplet-like domains 

of the drug in a binary polymer-drug dispersion.25 While one or more polymers often make up the 

bulk of the material, additives such as surfactants or salts can be used to further aid in the 

dissolution and uptake processes or to slow recrystallization of the drug.26,29 Saboo and coworkers 

found that surfactants could be added to a binary polymer-drug ASD to prevent the formation of 

continuous drug phases at higher drug loadings, improving performance and release across a wider 

range of compositions.26 

Meere, et al. note that even in binary dispersions, a range of phase separation mechanisms 

can occur, including Ostwald ripening, droplet coalescence into chains or strings, and phase 

inversion.22 Complexity only grows with the inclusion of other polymers, additives, or multiple 

active ingredients. The most common techniques employed for ASD characterization include 

differential scanning calorimetry (DSC), solid-state nuclear magnetic resonance (SSNMR), and 

powder X-ray diffraction (PXRD).19,30,31 Thermal transitions, including glass transition and 

melting, molecular relaxations and mobility, and interactions between drug and polymer molecules 

gathered from DSC and SSNMR combined with the crystalline structure provided by PXRD are 

used to estimate the amount of crystalline and amorphous material present in ASDs and further 
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understand the extent of phase separation.19,31 However, neither method is directly probing domain 

size of the separated material, and complex or overlapping thermal information can make this 

analysis difficult.19,28,30 Polarized optical microscopy, scanning electron microcopy, transmission 

electron microscopy, and atomic force microscopy often complement these methods but they can 

be transmission, contrast or surface-limited depending on the atomic composition of the organic 

materials in the ASDs.19,30 More recently, X-ray micro-computed tomography (XµCT) has enabled 

rich tomographic reconstructions of ASD bulk structure and a means to probe uniformity of the 

material, but the technique relies on differences in electron density for contrast, making it difficult 

to differentiate between crystalline and amorphous phases of many materials.27,28,30

Small angle neutron scattering (SANS) and ultra-small-angle neutron scattering (USANS) 

provide a complementary characterization approach at length scales from nanometers to tens of 

microns. Neutrons are not limited to optically transparent materials, provide information about the 

bulk structure, and enable use of selective deuteration and contrast variation to improve contrast 

between organic phases with similar elemental compositions. The impact of SANS in polymer 

research is nothing new but its use in drug-delivery solid dispersions has been minimal.32,33 In one 

study, SANS, USANS, and neutron reflectometry enabled Wu, et al. to characterize phase 

separation and drug release in electrospun fibers of PLGA and the active molecule capecitabine as 

the polymer degraded in buffer solution and released the drug molecules.32 The team was also able 

to track growth of the nanoscale drug aggregates and swelling of the matrix polymer on the micron 

scale under varying humidity, temperature, and buffer conditions.

In this work, SANS, USANS, spin-echo SANS (SESANS), wide-angle X-ray scattering 

(WAXS), and polarized optical microscopy are used to characterize phase separation and 

recrystallization in blends of palmitic acid (PA) and a poly(D,L-lactide-co-glycolide) (PLGA) or 
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poly(D,L-lactide) (PDLLA) matrix. PLGA/PDLLA are synthetic amorphous biodegradable 

polymers found in many existing ASD formulations and other biorelevant technologies.12,13,15,32,34–

36 Their end groups and lactide:glycolide ratio are used to tune degradation time and release of 

active ingredients.12,13,35 Palmitic acid has also been used as an additive in solid dispersions and 

other polymer-based pharmaceutical formulations.37–41 Understanding how additives interact with 

the matrix polymer alone without the presence of active ingredients can be useful for tuning 

structure in more complex formulations. Here we are interested in understanding the multi-scale 

phase separation and structure in blends of PLGA and palmitic acid as a function of composition, 

including matrix chemistry and palmitic acid loading concentration. Although these materials were 

chosen in the context of pharmaceutical formulations, we emphasize that this study is relevant to 

many other applications using mixtures of polymers and small molecules.

2. Materials and Methods

2.1. PLGA and palmitic acid blends

Resomer RG 502 H, Poly(D,L-lactide-co-glycolide) acid terminated, lactide:glycolide 

50:50, Mw 7000 g/mol – 17000 g/mol (PLGA 50:50 AT), Resomer RG 752 H, Poly(D,L-lactide-

co-glycolide) acid terminated, lactide:glycolide 75:25 Mw 4000 g/mol – 15000 g/mol 

(PLGA 75:25 AT), Resomer R 202 H, Poly(D,L-lactide) acid terminated Mw 10000 g/mol – 

18000 g/mol (PLGA 100:0 AT), and Resomer R 202 S, Poly(D,L-lactide) ester terminated Mw 

10000 g/mol – 18000 g/mol (PLGA 100:0 ET) were purchased from Millipore Sigma and used as 

received. These are all amorphous polymers developed for drug-delivery applications, and they 

were selected from the supplier class targeting similar inherent viscosities of 0.16 dL/g to 

0.24 dL/g (RG 752 H designed at 0.14 dL/g - 0.22 dL/g) and similar molecular weights. They are 

also designed to fully degrade within 3 months (RG 502 H), 6 months (RG 752, R 202 H), and 9 
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months (R 202 S) in aqueous biorelevant conditions. PLGA 50:50 and PLGA 75:25 polymers are 

random copolymers of glycolide and lactide (both D and L isomers) monomers at the lactide to 

glycolide molar ratios of 50:50 and 75:25, respectively. The PLGA 100:0 polymers are random 

copolymers of the D and L lactide isomers to ensure they remain amorphous. Hexadecanoic-d31 

acid, CD3(CD2)14COOH, 98 % D, (palmitic-d31 acid, PA-d31) was purchased from CDN Isotopes 

and used as received. Fully hydrogenated hexadecenoic acid (palmitic acid, ≥ 99 %) was 

purchased from Millipore Sigma and used as received.

Films were prepared using a lab-scale syringe extrusion process. Raw materials of a single 

selected matrix polymer and mass fractions of 0 % to 25 % of PA-d31 were mixed in the solid state 

then loaded into polypropylene 1 mL lab syringes. For SESANS samples, the contrast was 

modulated at 10 % and 25 % loadings by blending PA-d31 and fully hydrogenated palmitic acid at 

PA-d31 mass fractions of 79 % and 65 %, respectively, to prevent a full loss of polarization. The 

loaded syringes were placed in an oven set at maximum 130 °C to prevent softening of the syringe. 

After initial melting for 30 minutes, a slight vacuum was pulled for an additional 90 minutes to 

encourage removal of air bubbles trapped in the molten blend. The samples were then plunged 

from the syringe onto a glass slide covered with Kapton film on top of a hot plate set at 100 °C 

and inside an aluminum washer with a thickness of 0.5 mm. An additional piece of Kapton film 

and glass slide were then used to press the sample in the washer. The washer provided a mold in 

which to press films to a thickness of 0.5 mm. The washer also served as a sample frame or holder 

during measurements. After pressing, the samples were placed on the lab bench to rapidly quench 

them to room temperature. All subsequent measurements were taken at ambient temperature of 

approximately 20 °C.

2.2. Small-angle neutron scattering (SANS)
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SANS measurements were made on Bilby42,43 at the Australian Centre for Neutron 

Scattering (ACNS) at Australian Nuclear Science and Technology Organisation (ANSTO). Bilby 

was configured in time-of-flight mode with wavelengths between 3.0 Å to 18.0 Å. The Mantid 

software44 was used to reduce the data and is described in Sokolova et al.43. A circular aperture 

with a size of 12.5 mm was used for all measurements. The samples were aged 6 months at the 

time of the SANS measurements. For samples with a PA-d31 mass fraction of 10 % or higher, the 

data was trimmed to only include wavelengths from 3.0 Å to 13.0 Å to minimize multiple 

scattering effects at the lowest q-values. The scattering contribution from the matrix phase, which 

could include either random density fluctuations of the quenched amorphous material or air 

bubbles, was subtracted from the scattering spectra for the blends.

2.3. Ultra-small-angle neutron scattering (USANS)

USANS measurements were made on Kookaburra45 at ACNS at ANSTO with a 

wavelength of 4.74 Å and a slit length of 0.0586 Å-1. A circular aperture with a size of 12 mm was 

used for all measurements. The data was reduced using adapted Python scripts in Gumtree46 based 

on the NCNR USANS reduction macros47. The sample were aged 6 months at the time of the 

USANS measurements. Some of the samples were wrapped in Kapton tape for improved stability 

of the film during measurements. A background measurement of the Kapton tape used did not 

show measurable scattering above an empty background. The slit-smeared USANS data was 

analyzed directly with slit-smeared models rather than applying a desmearing algorithm to the 

data.

2.4. Spin-echo small-angle neutron scattering (SESANS)

SESANS measurements were made on Larmor at the ISIS Neutron and Muon Source at 

Rutherford Appleton Laboratory at a 1.0 MHz frequency, wavelengths between 3 Å and 9 Å, and 
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pole shoe angles of 60°, 75°, and 88°. Here, the pole shoe angle is defined as the inclination of the 

magnetic field with respect to the direction of the neutron beam. The Mantid software44 with the 

monitor correction described in Li, et al.48 was used to reduce the data, and the raw data is available 

via the ISIS data repository49. All samples were aged 1 month at the time of the SESANS 

measurements and were wrapped in Kapton tape for improved stability of the film. A background 

measurement of the Kapton tape used showed no appreciable scattering above an empty 

background and was subtracted from the sample data during reduction. 

2.5. Wide-angle X-ray scattering (WAXS)

WAXS measurements were performed on a Xenocs Xeuss SAXS/WAXS instrument with 

a 300K Pilatus detector and a copper source with a wavelength of 1.54 Å.  The X-ray beam size 

was 0.8 mm in diameter. All measurements were performed at an ambient temperature of 

approximately 20 °C. Data reduction, including background subtraction and integration from 2D 

images to 1D spectra, was performed using the Nika Igor macro.50 Samples were held between 

two pieces of Kapton tape for loading on the solid sample holder. Measurements were taken at five 

different locations across the sample. All samples were aged 15 months at the time of 

measurements.

2.6. Polarized optical microscopy

Transmission polarized optical microscopy was performed on an Olympus BX51 

instrument at a magnification of 50x. A 530 nm lambda plate was used for the measurement. 

Kapton tape was removed from all samples and the films were then loaded onto microscope slides 

for imaging. This plate results in a magenta color in isotropic regions and a variety of colors 

(depending on orientation) in birefringent regions. All samples were aged 17 months at the time 

of measurements.
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3. Results & Discussion

Figure 1 shows SANS and USANS data for blends of PLGA at varying lactide:glycolide 

ratios and mass fractions of palmitic acid loading from 5 % to 25 %.  The most obvious feature in 

these plots is the mismatch between the low q (USANS) and high q (SANS) data, which is due to 

instrumental resolution and not related to the structure of the sample. The USANS instrument 

utilizes a quintuple crystal monochromator that leads to a highly collimated beam in the horizontal 

direction and a poorly collimated beam in the vertical direction. This “slit-smearing” of the 

USANS data results in an disconnect between the USANS spectra and SANS spectra which is 

collimated with a circular aperture with “pinhole” smearing. While desmearing algorithms are 

sometimes used to reconnect this data, this introduces significant noise to the USANS data, and it 

is more advantageous to include resolution in the models used to analyze the data to account for 

this effect without introducing additional error.

From Figure 1 the SANS and USANS data are capturing structural changes occurring at 

two different length scales, orders of magnitude apart, in the PLGA and palmitic acid blends as a 

function of both the matrix polymer and palmitic acid concentration. In all four matrix polymer 

composites there are two key features: a knee in the high q (between 0.01 Å-1 and 0.1 A-1) and a 

turnover in the low q (between 10-3 Å-1 and 10-4 Å-1). Furthermore, in some concentration series 

the total scattering increases with larger loadings of palmitic acid which reflects an overall increase 

in volume fraction of palmitic acid domains in the sample. 

In the high q there are clear changes in the location and shape of the SANS curves as a 

function of matrix composition and palmitic acid loading. We attribute these small domains to 

either recrystallized or micellar palmitic acid trapped in the PLGA matrix. Similar small domains 

of the drug molecules were also observed in Wu, et al. Fortunately, in the high-q we can quantify 
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changes in the shape of the knee region as well as volume fraction of palmitic acid domains with 

increased loading using sphere or ellipsoid form factors. An assumption is made that the contrast 

is equal to that between PA-d31 and PLGA. We note that this assumption does not yet account for 

PA-d31 chains trapped within the polymer matrix phase but we can still learn information about 

the effects of sample composition on these small domains. To apply the sphere or ellipsoid form 

factor fit to the knee feature, the knee had to be isolated from the scattering arising from larger 

structures that give rise to the low q features. This was achieved by fitting a combined power law51 

and sphere model52 or combined power law 51 and ellipsoid model53 to the SANS data. The power 

law model fit the slope at lower q values and accounted for the scattering from larger structures 

while the sphere or ellipsoid model fit the knee feature in the SANS data. The ellipsoid model as 

implemented in SasView calculates the small angle scattering from randomly oriented ellipsoids 

of revolution where two radial dimensions are equal to the equatorial radius and one radial 

dimension is equal to the polar radius.51,53 These combined fits are showed overlaid on the data in 

Figures S1-S4 of the supplementary information.

From this analysis we determine the volume fraction and size of the small palmitic acid 

domains. The volume fractions are plotted in Figure 2. For acid-terminated PLGA matrices, the 

volume fraction of small domains is inversely related to glycolide concentration, apart from an 

outlier in the PLGA 75:25 system at a 5 % loading. For matrices containing glycolide, the volume 

fraction of the small domain changed only minimally with concentration of palmitic acid. We 

observed a significant increase in the concentration of small domains with small molecule 

concentration in the acid-terminated matrix with 100 % lactide groups (PLGA 100:0 AT). The 

volume fraction of small domains in the PLGA 100:0 ester-terminated matrix was consistent across 

all palmitic acid concentrations, and it was nearly 4x higher than the glycolide-containing acid-
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terminated matrix polymers. The corresponding sphere and ellipsoid radii from these fits are 

provided in Table 1. In the blends comprised of an acid-terminated matrix, we observe an 

increasing diameter with increased glycolide units. The largest difference is observed at a loading 

of 5 % where the domains in a matrix of PLGA 50:50 have a diameter 1.8x that of the domains 

formed in the PLGA 100:0 matrix.  The knee feature of blends with a glycolide-containing matrix 

showed a single slope change and could all be fit with a sphere model. For PLGA 100:0 AT, a 

sphere model could be used in blends with a 5 % or 10 % loading but an ellipsoid model was 

required at a 25 % loading to capture two observed slope changes in the knee feature. This sample 

required a polar radius slightly smaller than the sphere radius at 5 % and 10 %, but the equatorial 

radius was approximately 2.6x the sphere radii. An ellipsoid model was required for all samples 

with an ester-terminated PLGA 100:0 matrix. Both the polar and equatorial radii remained 

approximately constant with increased loading of palmitic acid, similar to the trend observed for 

the volume fraction of the same samples, with an equatorial radius 3x to 4x larger than the polar 

radius. At all loadings, the small domains were larger than those in the blends with an acid-

terminated PLGA 100:0 matrix. These results indicate that both interactions between the palmitic 

acid and the lactide or glycolide groups as well as interactions with the end groups affect the size 

of these palmitic acid domains trapped in the matrix. 
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Figure 1. SANS and slit-smeared USANS data for blends comprised of an (a, b, c) acid-terminated 

or (d) ester-terminated PLGA matrix at varying lactide:glycolide ratios of 50:50, 75:25, or 100:0 

with dispersed palmitic-d31 acid at nominal mass fractions from 5 % to 25 %. Error bars represent 

standard errors and may be smaller than the marker size.
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Figure 2. Volume fraction from sphere or ellipsoid model fits to knee feature of SANS data shown 

in Figure 1 for blends comprised of an acid-terminated or ester-terminated PLGA matrix at varying 

lactide:glycolide ratios of 50:50, 75:25, or 100:0 with dispersed palmitic-d31 acid at nominal mass 

fractions from 5 % to 25 %. Error bars correspond to the standard error of the scale term provided 

by the fitting algorithm and are smaller than the marker size. 
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Table 1. Radii from sphere or ellipsoid model fits to knee feature of SANS data shown in Figure 1 for blends comprised of an acid-

terminated or ester-terminated PLGA matrix at varying lactide:glycolide ratios of 50:50, 75:25, or 100:0 with dispersed palmitic-d31 

acid at nominal mass fractions from 5 % to 25 %.

Matrix Polymer Total Mass Fraction 
of Palmitic Acid

Sphere
Radius1

Ellipsoid
Polar Radius1

Ellipsoid
Equatorial Radius1

5 % 8.10 nm ± 0.03 nm
(25 %)  

10 % 7.27 nm ± 0.02 nm
(20 %)  PLGA 50:50 AT

25 % 6.79 nm ± 0.02 nm
(20 %)

5 % 6.57 nm ± 0.02 nm
(20 %)  

10 % 7.27 nm ± 0.02 nm
(20 %)  PLGA 75:25 AT

25 % 5.208 nm ± 0.009 nm
(30 %)

5 % 4.53 nm ± 0.01 nm
(30 %)  

10 % 4.46 nm ± 0.008 nm
(30 %)PLGA 100:0 AT

25 % 2.61 nm ± 0.01 nm
(20 %)

11.77 nm ± 0.05 nm
(0 %)

5 %  4.14 nm ± 001 nm
(20 %)

16.86 nm ± 0.05 nm
(0 %)

10 %  4.55 nm ± 0.01 nm
(10 %)

15.96 nm ± 0.06 nm
(20 %)PLGA 100:0 ET

25 % 4.55 nm ± 0.02 nm
(10 %)

15.00 nm ± 0.07 nm
(20 %)

1Errors correspond to standard error from fitting algorithm. Polydispersity is provided in parentheses and is defined as the standard 

deviation of a Gaussian distribution divided by the mean (fit radius).
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In the USANS data, clear structural changes are observed when comparing blends with 

different PLGA lactide:glycolide ratios and palmitic acid concentration. In blends with a PLGA 

matrix comprised of only lactide groups, i.e., PLGA 100:0, with either an acid or ester end group 

shown in Figure 1(c, d), a turnover into the Guinier plateau occurs between 0.0001 Å-1 and 

0.001 Å-1. A similar turnover occurs for the blends comprised of both lactide and glycolide groups, 

i.e., PLGA 50:50 and PLGA 75:25; however, for the highest concentration of palmitic acid in 

PLGA 75:25 (Figure 1(b)) we start to observe a continuously increasing slope beyond 0.0001 Å-1. 

For the blend containing equal parts lactide and glycolide groups (Figure 1(a)) a slope change is 

still observed, but instead of transitioning to a slope of 0 (a Guinier plateau) a slope of one is 

observed. When correcting for instrumental smearing, a power law of q-2 exists indicating large 

two-dimensional domains beyond the length scales resolved with USANS.  These turnovers and 

their associated structure also grow with increased palmitic acid loading as indicated by a shift in 

the turnover location to lower q-values. A variety of models, including polydisperse sphere or 

ellipsoid form factors, were attempted to be fit to the USANS data, but failed to capture these 

structural features in the turnover region. The small-angle scattering transmission, 𝑇𝑆𝐴𝑆, from the 

USANS measurements reached as low as 46 %, with the lowest values occurring for blends with 

a palmitic acid loading of 10 % or higher. At 𝑇𝑆𝐴𝑆 values less than 90 %, multiple scattering is 

likely to have a significant effect on the data.54 Even some samples with only a 5 % loading of the 

palmitic acid were below this threshold. Therefore, these structural features in the USANS data 

would be broadened due to the multiple scattering effects. This makes fitting to the standard form 

factors and structure factors difficult without accounting for the multiple scattering in our model. 

To better understand the origin of large-scale structural features present in the USANS 

data, polarized optical microscopy was used to image the blends at the micron to macro scales. 
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The small nanoscale domains captured in the SANS spectra were below the diffraction limit of the 

microscope. Contrast between the matrix and palmitic acid arises due to birefringence in the 

crystalline domains of the small molecule. The microscopy images are shown Figure 3 for blends 

comprised of an acid-terminated PLGA matrix with lactide:glycolide ratios of 50:50 and 100:0 at 

mass fractions of palmitic acid of 0 %, 5 %, and 10 %. Samples at a palmitic acid concentration of 

10 % were difficult to image due to the opaque white color of the recrystallized palmitic acid 

domains. This resulted in cloudy images. Samples at palmitic acid concentrations of 25 % were 

impossible to image. In blends with a PLGA 50:50 matrix, large ellipsoidal domains of 

recrystallized PA-d31 are observed at multiple orders of magnitude in size. This would lead to the 

slope changes observed in the USANS data for blends with a matrix of PLGA 50:50. In blends 

with a PLGA 100:0 matrix, a co-continuous droplet or chaining structure appear with a correlation 

length of approximately 1 µm to 3 µm, and no large crystalline domains could be found. This 

structure is better seen in the enlarged images provided in Figure 4. The presence of these 

correlation length domains cannot be seen in the matrix control sample in the absence of palmitic 

acid. It is possible that random copolymer fluctuations of the two enantiomers of PLGA 100:0 

(PDLLA) are present.55,56
 An alternative explanation is that the palmitic acid could be inducing 

this phase separation. In either case, the presence of these two, almost equal, domains and the lack 

of large crystalline deposits of pure palmitic acid indicate that these blends are phase separating 

into two domains that are rich and poor in palmitic acid.
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Figure 3. Polarized optical microscopy images of blends comprised of an acid terminated PLGA 

matrix at varying lactide:glycolide ratios of 50:50 (top row) or 100:0 (bottom row) with dispersed 

palmitic-d31 acid at mass fractions of 0 %, 5 % and 10 %.
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Figure 4. Polarized optical microscopy images of blends comprised of an acid-terminated PLGA 

matrix at a lactide:glycolide ratio of 100:0 with dispersed palmitic-d31 acid at mass fractions of 

5 % (left) and 10 % (right).

To better quantify the observations noted from the polarized microscopy and USANS, 

SESANS was an ideal technique as the multiple scattering that made the USANS data challenging 

to model is naturally accounted for in SESANS measurements. For this reason, SESANS was used 

to quantitatively characterize these large-scale phase separation mechanisms at the higher 

concentrations of palmitic acid. SANS and SESANS data are related, for isotropic scattering, 

through the Hankel transform57–59 and to slit-smeared USANS data through a Fourier cosine 

transform.60 This close relationship and numerical implementation of the Hankel transform in 

SasView means that many of the same models originally developed for SANS can be fit to 

SESANS data. Figure 5 shows SESANS results for samples comprised of PLGA matrixes at 

varying lactide:glycolide ratios and palmitic acid loading between 5 % and 25 %. A greater loss in 

polarization (more negative values) indicates the presence of more small-angle scattering in the 

sample. Like SANS and USANS, slope changes or turnovers are indicative of structural changes 

at that correlation length. However, SESANS is most sensitive to large structures and a strong 

coherent scattering cross section (higher contrast, concentration, etc.) which made measurement 
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of blends with low concentrations of palmitic acid difficult with this technique. Moreover, sample 

thickness could not be increased to improve signal due to the large amount of incoherent scattering 

arising from the protonated matrix polymer. This reduces the transmitted signal and increases 

multiple and wide-angle scattering to such an extent that the multiple scattering formalism of 

SESANS is no longer applicable.

In the SESANS data for samples with a PLGA 50:50 matrix and palmitic acid loading of 

10 % and 25 % (Figure 5(a)), a gradual slope change occurs between a few hundred nanometers 

and 1 µm. After this feature, there is a continuing loss in polarization that indicates the presence 

of structural features beyond the resolvable length scales. In the spectra for samples with a 

PLGA 75:25 matrix (Figure 5(b)), a similar trend is observed for the 25 % loading, but with a more 

gradual slope, and a plateau is observed for the 10 % loading. These results are consistent with the 

respective USANS data. The SESANS data for acid-terminated and ester-terminated PLGA 100:0 

samples (Figure 5(c, d)) display a different feature. Between 1 µm and 3 µm a dip or trough is 

observed followed by a rise in the spectra for some of the spectra. This indicates long range order 

of a repeated correlation length and can be modeled with a structure factor. The analogous feature 

was not observable in the USANS data due to multiple scattering; however, this feature is 

consistent with polarized optical microscopy where a co-continuous structure of two phases was 

observed. 

Based on the polarized microscopy, a polydisperse ellipsoidal form factor was used to fit 

the SESANS data for glycolide containing samples (PLGA 50:50 AT and PLGA 75:25 AT). We 

assume that the ellipsoid composition is pure crystalized palmitic acid surrounded by matrix 

polymer due to the birefringence observed in the microscopy images. All parameters from the fits 

are provided in the supplementary information. Because the largest length scales are not 
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resolvable, the polar radius was fixed to 20 µm (beyond the resolvable length scale range, but 

consistent with the large ellipsoids observed in the polarized microscopy). The equatorial radius 

was allowed to vary enabling a good fit of the turnover feature.  The results of equatorial radius 

and ellipsoid volume fraction are provided in Table 2. The ellipsoidal domains become larger with 

increasing palmitic acid and glycolide content. The volume fraction of the ellipsoidal domains also 

increases with higher palmitic acid loading, but determining concentration also requires 

knowledge of the contrast. In our fits of the ellipsoid model, we assume the matrix is pure PLGA. 

This does not account for the small domains (where a contrast assumption is also made) nor any 

trapped chains of the palmitic acid in the polymer. Therefore, the concentration is likely 

underestimated and could be up to 25 % to 90 % higher for samples at palmitic acid mass fractions 

of 10 % and 25 %, respectively, after accounting for the mass balance.

Based on the polarized microscopy, a spinodal model was selected to fit to the correlation 

length scale observed in the SESANS spectra for the matrix polymers containing 100 % lactide 

(PLGA 100:0 AT and ET).  The spinodal model in SasView calculates the structure factor that 

arises due to co-continuous phases with a single correlation length that are formed during spinodal 

decomposition of two materials.51,61–63 In this work we use this model to extract the correlation 

length of these domains. This length scale is calculated as 
2𝜋
𝑞0

 where 𝑞0 is the location of the 

structure factor peak in the small-angle scattering spectra 𝐼(𝑞). This corresponds to the dip and 

oscillation observed in the SESANS data. All parameters from the fits are provided in the 

supplementary information and the correlation lengths are provided in Table 3 of the main 

manuscript. At a 25 % palmitic acid loading in the acid-terminated blends and at 10 % and 25 % 

palmitic acid loadings in the ester-terminated blends, the blends form co-continuous phases with 

correlation lengths between 2.5 µm and 3.1 µm. The strong signal and contrast between these 
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domains in our neutron measurements confirms the microscopy results that the palmitic acid is 

favoring one of these two phases.
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Figure 5. SESANS data for blends comprised of an (a, b, c) acid-terminated or (d) ester-terminated 

PLGA matrix at varying lactide:glycolide ratios of 50:50, 75:25, or 100:0 with dispersed palmitic 

acid at nominal mass fractions from 5 % to 25 %. All samples were quenched and aged 1 month 

prior to measurement. Contrast at 10 % and 25 % palmitic acid was modulated by blending 

palmitic acid-d31 with fully hydrogenated palmitic acid. Data has been scaled assuming full 

contrast (palmitic-d31 acid only and PLGA) for visual comparisons of across different samples 

and measurements.
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Table 2. Equatorial radii and volume fraction extracted from fits of a polydisperse ellipsoidal 

model to SESANS data shown in Figure 5(a, b) of the main manuscript. Blends are comprised of 

an acid-terminated PLGA matrix with a lactide:glycolide ratio of 50:50 or 75:25 and dispersed 

palmitic acid at mass fractions from 5 % to 25 %. Polar radius was held constant at 20 µm.

Matrix Polymer
Mass Fraction of 

Palmitic Acid
Equatorial Radius1 Volume Fraction1

10 % 155 nm ± 18 nm 1.2 % ± 0.1 %
PLGA 50:50 AT

25 % 217 nm ± 18 nm 2.5 % ± 0.2 %

10 % 88 nm ± 15 nm 1.4 % ± 0.2 %
PLGA 75:25 AT

25 % 129 nm ± 19 nm 2.1 % ± 0.3 %

1Errors correspond to standard deviations from the fitting algorithm.

Table 3. Correlation distances extracted from fits of the spinodal model to SESANS data shown 

in Figure 5(c, d) of the main manuscript. Blends are comprised of a PLGA matrix at a 

lactide:glycolide ratio of 100:0 with dispersed palmitic acid at mass fractions from 5 % to 25 %.

Matrix Polymer Mass Fraction of Palmitic Acid
Correlation Distance (µm)

± Standard Deviation from Fit (µm)

PLGA 100:0 AT 25 % 3.1 ± 0.3

10 % 2.5 ± 0.3
PLGA 100:0 ET

25 % 2.7 ± 0.3

WAXS was then used to better understand the effects of these two different large-scale 

phase separation modes on the overall recrystallization of the dispersed small molecule in these 
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blends. The WAXS spectra is shown in Figure 6 for blends comprised of an acid terminated PLGA 

matrix at lactide:glycolide ratios of 50:50 and 100:0 and PA-d31 mass fractions of 5 %, 10 %, and 

25 %. Broad Gaussian peaks correspond to amorphous domains while sharper peaks correspond 

to crystalline domains. For each sample, data was collected at five different locations across the 

surface of the film, and these spectra are shown with different marker colors in each plot of Figure 

6. In many of our samples these measured spectra do not overlap with one another, indicating a 

degree of heterogeneity in structure and composition across the blend. The large peak at a q value 

of 0.42 Å-1 corresponds to the Kapton tape sample holder, and all spectra were normalized to this 

peak to enable comparison of the relative concentrations of crystalline domains between samples. 

The largest broad peak just above a q value of 1 Å-1 arises from the amorphous polymer matrix. 

Finally, the sharp crystalline peaks only appear and grow with increasing palmitic acid 

concentration and are attributed to recrystallized domains of the small molecule. These are marked 

with red arrows in Figure 6(e).

The relative contributions of the Kapton holder, PLGA matrix and recrystallized palmitic 

acid are quantified by fitting a model comprised of multiple Gaussians to each domain and 

calculating the area under the respective curves. This fit is shown as a solid black line overlaid on 

the measured data for all samples. More information about this fitting procedure is provided in the 

supplementary information. The Gaussian peaks fit to the crystalline domains of palmitic acid are 

shown as blue lines below the WAXS spectra. These are used to estimate the relative volume 

fraction of recrystallized material by comparing the area under these curves to the area under the 

full combined model and enable a qualitative examination of the effects of sample composition on 

recrystallization. The results are provided in Table 4 and they show a similar trend of increasing 

crystalline material at higher palmitic acid loadings in both PLGA 50:50 and PLGA 100:0 
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samples. Since the model fits to the SANS spectra results showed a low volume fraction of the 

small domains in the PLGA 50:50 AT samples, these results indicate that unfavorable interactions 

between the palmitic acid and glycolide moieties limit the loading of palmitic acid into the polymer 

matrix and result in large crystalline ellipsoidal deposits of the small molecule. The model fits 

results showed a higher volume fraction of the small domains in samples with no glycolide units 

(PLGA 100:0). Since no large crystalline deposits were observed in the microscopy data, the 

crystalline palmitic acid is only located in a high number of these small domains dispersed through 

the matrix comprised of domains rich and poor in trapped palmitic acid for a co-continuous 

morphology.
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Figure 6. WAXS data for blends comprised of an acid-terminated PLGA matrix at a 

lactide:glycolide ratio of (a, c, e) 50:50 or (b, d, f) 100:0 and mass fractions of palmitic-d31 acid at 

(a, b) 5 %, (c, d) 10 %, and (e, f) 25 %. Measured data is shown as markers and replicate spectra 

were collected at multiple locations around the sample. Solid black lines show multi-Gaussian fits 

to the spectra. Blue solid lines show individual Gaussian fits to the crystalline peaks of palmitic 

acid used to determine the volume fraction of recrystallized material in the sample. 
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Table 4. Volume fractions of total crystalline material in blends of PLGA at lactide:glycolide 

ratios of 50:50 and 100:0 at palmitic acid mass fractions from 5 % to 25 %. Total volume fraction 

of crystalline material was extracted from fits to WAXS data and error bars correspond to standard 

uncertainty from multiple measurement locations across the sample. 

Matrix Polymer Mass Fraction of Palmitic Acid Total Crystalline Volume Fraction

5 % 0.31 % ± 0.08 %

10 % 1.6 % ± 0.2 %PLGA 50:50 AT

25 % 2.0 % ± 0.3 %

5 % 0.12 % ± 0.09 %

10 % 0.7 % ± 0.3 %PLGA 100:0 AT

25 % 2.7 % ± 0.9 %

4. Conclusions

With SANS, USANS, SESANS, WAXS, and microscopy combined we can understand the 

multi-scale phase separation behavior in blends of PLGA and palmitic acid. All polymer 

compositions contain small (5 nm – 20 nm) recrystallized or micellar domains of palmitic acid 

trapped within the matrix. A sphere or ellipsoid model fit of this feature shows that a lower 

concentration of these small domains is found in blends with glycolide units in the polymer matrix. 

Large (100 nm – 5 µm) ellipsoidal deposits of pure recrystallized palmitic acid are observed in 

microscopy images and quantified with SESANS data for these same blends (PLGA 50:50 and 

PLGA 75:25). Moreover, the volume fraction of these ellipsoidal domains is comparable to the 
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total volume fraction of crystalline material palmitic acid estimated from the WAXS data. These 

results indicate that less favorable interactions between the palmitic acid and glycolide moieties 

limit loading of the small molecule into the PLGA matrix and leave the large crystalline deposits. 

These large domains of the dispersed small molecule could slow drug release in ASD applications. 

An example of this can be seen in the previously discussed work of Yang, et al. in which 

researchers found that large API domains slowed drug release when compared to a more 

continuous structure with dispersed small API droplets.25

For polymers containing only lactide monomers (PLGA 100:0), a co-continuous droplet or 

chaining phase separation into palmitic acid rich and poor domains at relatively large length scales 

(~3 µm) is observed with polarized microscopy and quantified with the SESANS data. No large 

deposits of crystalline palmitic acid were observed in the microscopy images, and so the crystalline 

material measured with WAXS is primarily located in the small nanoscale domains dispersed 

throughout the matrix. The kinetically trapped co-continuous structure more effectively traps these 

small domains of recrystallized palmitic acid, preventing significant growth and aggregation. Any 

growth results in elongated domains captured by the shift from a sphere to ellipsoid shape at higher 

loadings of palmitic acid. In ester-terminated PLGA 100:0 blends, these domains are ellipsoidal at 

all loadings of palmitic acid.

Across all applications of polymer and small molecule blends, either of these observed 

phase separation modes could be chosen to tune the system for a desired functionality. In systems 

where crystallinity is a useful property of the small molecule, e.g., semiconductors, the large, 

recrystallized domain structure found in the blends with a glycolide-containing matrix could be 

selected. In applications where domain size of recrystallized material must be kept small, e.g. 

ASDs, the large-scale co-continuous structure in blends without glycolide in the matrix could 
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provide the means to limit growth of the smaller, phase-separated, and recrystallized domains of 

the small molecule. This emphasizes the importance of understanding the structure and the effects 

of molecular interactions in these complex materials at many length scales. Future work will aim 

to understand the effects of thermal processing and aging conditions on these observed structures 

in PLGA and palmitic acid blends. These results could be useful to designing specific and more 

complex formulations that control migration, recrystallization, and growth of nanoscale domains 

of active small molecules by use of large loadings of additives, such as palmitic acid.
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