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Purpose: Poly(lactic-co-glycolic acid) (PLGA) is widely used for drug delivery because of 

its biocompatibility, ability to solubilize a wide variety of drugs, and tunable degradation. 

However, achieving sub-100 nm nanoparticles (NPs), as might be desired for delivery via the 

enhanced permeability and retention effect, is extremely difficult via typical top-down emul-

sion approaches.

Methods: Here, we present a bottom-up synthesis method yielding PLGA/block copolymer 

hybrids (ie, “PolyDots”), consisting of hydrophobic PLGA chains entrapped within self-

assembling poly(styrene-b-ethylene oxide) (PS-b-PEO) micelles.

Results: PolyDots exhibit average diameters 50 nm and lower polydispersity than conven-

tional PLGA NPs. Drug encapsulation efficiencies of PolyDots match conventional PLGA NPs 

(ie, ~30%) and are greater than those obtained from PS-b-PEO micelles (ie, ~7%). Increasing 

the PLGA:PS-b-PEO weight ratio alters the drug release mechanism from chain relaxation to 

erosion controlled. PolyDots are taken up by model glioma cells via endocytotic mechanisms 

within 24 hours, providing a potential means for delivery to cytoplasm. PolyDots can be 

lyophilized with minimal change in morphology and encapsulant functionality, and can be 

produced at scale using electrospray.

Conclusion: Encapsulation of PLGA within micelles provides a bottom-up route for the 

synthesis of sub-100 nm PLGA-based nanocarriers with enhanced stability and drug-loading 

capacity, and tunable drug release, suitable for potential clinical applications.

Keywords: PLGA, nanoparticles, micelles, drug delivery, hydrophobic drug, block copolymer, 

glioma, electrospray

Plain language summary
Drugs that are not soluble in blood, such as dexamethasone steroids, are difficult to deliver to 

the body. Nanoparticles (NPs) can serve as carriers to transport these drugs to a desired location, 

and can also control the timing of drug release. Two common materials used to deliver drugs are 

micelles and solid polymer NPs. In this paper, a NP that combines the benefits of these two particle 

types is described. The “PolyDot” consists of polymer chains used to form solid polymer NPs that 

are encapsulated within micelles. The ratio of these two materials was shown to have only modest 

impact on PolyDot size, which remained small, but could alter the way that drugs were released. 

Toward clinical implementation, methods to produce large amounts of PolyDots and to enable 

their storage are shown. PolyDot uptake by cells was also studied, indicating that drug delivery 

is possible. These studies show that PolyDots have important advantages for drug delivery, such 

as tightly controlled size, high drug-loading ability, and controllable drug release.

Introduction
Hydrophobic drugs have poor solubility in blood; thus, alternative delivery schemes 

are required to deliver these drugs to their targets.1 Although excipients can be used to 
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enhance solubility, such as Cremophor for Paclitaxel delivery 

to cancer patients,2 these often have toxic side effects. 

Nanoparticle (NP) carriers offer a crucial alternative to the 

use of excipients for hydrophobic drug delivery which present 

minimal increases in toxicity.3,4 To achieve optimal circula-

tion in vivo, carriers must be larger than 10 nm to avoid rapid 

renal clearance,5 but smaller than ~200 nm to avoid sequestra-

tion by macrophages in the reticuloendothelial system.6 In 

cancer therapy, carriers of ~100 nm are preferred, as they 

can extravasate through the gap junctions between endothe-

lial cells of the hyperpermeable tumor vasculature.7

Poly(lactic-co-glycolic acid) (PLGA) microparticles and 

NPs have been widely used in drug delivery because of their 

biocompatibility, tunable degradation times, and ability to 

encapsulate a wide variety of drugs.8 PLGA is a “gener-

ally regarded as safe” polymer, has been incorporated into 

FDA-approved drug delivery systems such as the Lupron® 

depot,9 and has been employed for cardiovascular disease 

treatment, vaccine delivery, and chemotherapy.10 The most 

common methods employed to synthesize PLGA NPs are 

nanoprecipitation11 and emulsion-based processes.12 Using 

these approaches, particles 200 nm in size can be easily and 

uniformly produced by optimizing PLGA concentration,13,14 

PLGA–solvent interactions,15 continuous- and dispersed-

phase viscosities,16 or the rate of mixing and shear stress17 

applied for emulsion formation. However, synthesis of sub-

100 nm PLGA NPs, as might be required for systemic deliv-

ery, has proven particularly challenging.18 For example, some 

commonly used emulsion approaches19 result in PLGA NPs 

that appear sub-100 nm via scanning electron microscopy, 

but that are connected via polymer bridges, thus resulting in 

a much larger effective diameter. Additionally, drug load-

ing can alter morphology, increasing the NP size to several 

hundred nanometers.16

As an alternative to PLGA NPs, micelles have been 

used for hydrophobic drug delivery, resulting in clinically 

approved products.20,21 Lipid-polymer and block copolymer 

(BCP)-based micelle carriers are typically formed via 

bottom-up self-assembly in solvents selective for one of the 

blocks. Because assembly is controlled in part by the thermo-

dynamics governing the system, micelles can exhibit tightly 

controlled, reproducible sizes. Self-assembling BCP micelles 

display enhanced vascular permeability, narrower size dis-

tributions, and better release characteristics compared to 

microparticles.22 However, low drug-loading capacity result-

ing from poor drug–BCP compatibility can be a limitation 

in micellar drug delivery systems.23 Also, the lack of strong 

intermolecular interactions between the drug and the micelle 

can cause rapid leakage of physically entrapped drugs.24 

For example, micelles composed of PLGA-b-poly(ethylene 

glycol) (PEG) BCPs released physically entrapped doxoru-

bicin in only 3 days.25

Here, we examined the combination of these two popular 

drug release systems by using micelles to encapsulate 

high-molecular-weight PLGA polymer chains, yielding 

PolyDots. This approach is an extension of our previous 

work using poly(styrene-b-ethylene oxide) (PS-b-PEO) BCPs 

(molecular weight 9500-b-18000 Da) to encapsulate hydro-

phobic NPs.26–29 PS has been previously used for hydrophobic 

drug delivery30 and may promote cellular uptake compared to 

hydroxyacid-based systems (ie, PLGA, poly(caprolactone)),31 

whereas the PEO block (a long chain form of PEG) creates a 

corona with the potential to repel opsonin proteins, reducing 

immunogenicity and increasing circulation times.32 This 

approach is distinct from methods that encapsulate chemi-

cally similar polymers in micelles, such as those incorporat-

ing homopolymers or BCPs with common block(s),33,34 as 

PLGA is chemically distinct from both PS and PEO blocks. 

This approach is also different from admicellar polymer-

ization processes,35 which involve in situ polymerization 

of adsolubilized monomers in the hydrophobic region of 

micelles or bilayers, as already synthesized PLGA chains 

are employed. Using this approach, we evaluated the effect 

of PLGA:PS-b-PEO ratio on resultant NP size and polydis-

persity, resistance to degradation in acidic medium, drug 

encapsulation and release, cellular trafficking, and ability to 

preserve encapsulants following lyophilization.

Materials and methods
Materials
Carboxyl-terminated PS-b-PEO (molecular weight 9500-

b-18000 Da) (Cat No P5755-SEOCOOH) was purchased 

from Polymer Source Inc. (Montreal, QC, Canada). Poly(dl-

lactide-co-glycolide) (molecular weight 50–70 kDa, Cat No 

B6010-3) was purchased from Lactel Absorbable Polymers. 

Poly(vinyl alcohol) (PVA; 13,000–23,000 g/gmol) (Cat No 

363170) was purchased from Sigma-Aldrich, and chloroform 

(Cat No C606SK-4) was purchased from Thermo Fisher 

Scientific. Dexamethasone (DEX; Cat No BML-EI126-0001) 

was purchased from Enzo Life Sciences. Coumarin 6 dye was 

purchased from Sigma-Aldrich (Cat No 442631). All chemi-

cals were used as received without further purification.

PolyDot synthesis
PolyDots were prepared by an emulsion-based procedure 

described by Geng and Discher36 and Zhu and Hayward33 to 
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yield BCP micelles loaded with hydrophobic polymer and 

drug. Two model drugs were investigated: DEX, a steroidal 

anti-inflammatory drug, and coumarin 6, a hydrophobic 

fluorescent dye. Two approaches were used to generate emul-

sions: sonication, consistent with that previously employed,33 

and electrospray, developed by us, that can be scaled to 

commercial volumes.37

Sonication
PLGA (20, 50, 100, and 200 µL) at a fixed stock concentra-

tion of 50 mg/mL was added to DEX (500 µL, 5 mg/mL) 

and carboxylated PS-b-PEO (200 µL, 1 mg/mL) in chloro-

form. Thus, the four PolyDot samples examined had PLGA: 

PS-b-PEO weight ratios of 5, 12.5, 25, and 50, respec-

tively. Solutions were mixed by vortexing for 30 seconds 

and added to 8 mL of aqueous PVA solution (5 mg/mL). 

These biphasic solutions were then sonicated using a probe 

sonicator (Branson Sonifier 450) at a constant duty cycle for 

5 minutes. As controls, PS-b-PEO micelles were prepared via 

the same procedure without any PLGA in the starting organic 

phase, and PVA-stabilized PLGA NPs were synthesized by 

sonicating an organic phase consisting of PLGA (200 µL, 

50 mg/mL) in chloroform with PVA (8 mL, 5 mg/mL) under 

the same conditions. The milky white emulsions obtained 

after sonication were transferred to aluminum dishes with 

an internal diameter of 5 cm and placed on a rocker plate 

for 2.5 hours to allow evaporation of the chloroform solvent. 

After 2.5 hours, clear and transparent NP solutions were 

obtained for the PS-b-PEO micelles and PolyDots with low 

initial PLGA:PS-b-PEO ratios (20 and 50 µL), whereas those 

with higher PLGA:PS-b-PEO ratios (100 and 200 µL) and 

the control PLGA NPs appeared opaque, indicating highly 

concentrated solutions or the presence of some micron-sized 

particles. All samples were prepared in triplicate.

Electrospray
Coaxial electrospray was performed using a concentric 

needle connected to two syringes, a grounded copper ring, 

and an aluminum dish to collect the aerosol droplets, simi-

lar to that described previously.37 PolyDot samples with a 

PLGA:PS-b-PEO weight ratio of 12.5 were synthesized in 

semicontinuous mode using electrospray. Organic solution, 

prepared by mixing PS-b-PEO (200 µL, 1 mg/mL) and 

PLGA (50 µL, 50 mg/mL) in chloroform, was passed through 

the inner needle at 0.5 mL/h. Aqueous solution containing 

50 mg/mL PVA was passed through the outer needle at 

2.5 mL/h. The organic and aqueous solutions first emerged 

as compound droplets at the exit of the concentric needle. 

An electrostatic potential of ~3.5 kV was applied between 

the concentric needle and the grounded copper ring. The 

electrostatic potential was adjusted so that a concave jet was 

obtained at the exit of the needle. This jet further broke down 

into aerosol droplets with fine internal mixing, forming an 

emulsion. The resulting emulsion droplets were collected for 

30 minutes in an aluminum dish with an internal diameter 

of 5 cm containing 10 mL of water. The spray duration was 

selected to match the batch size produced via sonication. 

Then, the emulsion was left on a rocker plate to allow chlo-

roform to evaporate. A clear and transparent solution was 

obtained in ~2 hours.

Nanocarrier size analysis
Nanocarrier sizes were measured using two complementary 

approaches described as follows.

Dynamic light scattering
Particle hydrodynamic diameters were measured using 

dynamic light scattering (DLS) (BI 200SM; Brookhaven 

Instruments Corporation). Particle concentration in aqueous 

solution was adjusted so as to obtain a scattered light intensity 

between 10 and 200 kilocounts per second. Laser illumina-

tion was applied at 633 nm, and the detector was set to 150°. 

Each particle sample was measured in triplicate.

Transmission electron microscopy (TEM)
Negatively stained TEM images were collected using an 

FEI Tecnai G2 BioTWIN transmission electron microscope. 

Sample droplets (20 µL) were placed on silicone pads. TEM 

grids (Formvar/carbon-coated nickel) were then placed on 

these droplets with carbon side down. After 3 minutes, the 

TEM grids were lifted, and excess solution was wicked 

away with a filter paper. Uranyl acetate (UA, 1%, 20 µL) 

was used for negative staining. Excess UA was wicked 

away as described. Size measurements were recorded for 

100–2,000 particles per sample using ImageJ image analysis 

software with the analyzed particles feature. Size histograms 

were plotted using Igor Pro software (Wavemetrics, Tigard, 

OR, USA). The size distributions were approximated by 

either log normal or Gaussian distributions. The distribution 

that minimized the chi-squared value was used for fitting the 

entire data. Means and standard deviations of the data were 

thus extracted.

Nanocarrier degradation studies
PolyDot stability in acidic environments was tested by acidi-

fying freshly prepared PolyDot 50 samples to pH 2 using 

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2018:13submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

354

Nabar et al

concentrated hydrochloric acid. The PS-b-PEO micelles 

and PLGA NPs served as negative and positive controls, 

respectively, and were subjected to the same conditions. 

To increase the rate of degradation, the acidified sample was 

further incubated at 80°C for 9 hours which, given the small 

size of PLGA NPs, was sufficient to enable nearly complete 

degradation. TEM and image analysis were performed to 

observe the morphology and particle size of samples exposed 

to acid attack.

Drug encapsulation
Drug encapsulation in PS-b-PEO micelles, PolyDots, and 

PLGA NPs was evaluated using DEX as a model therapeutic 

drug. Samples for drug encapsulation measurement were syn-

thesized in triplicate by sonication using 500 µL (5 mg/mL) 

DEX in the initial chloroform solution. Following synthesis, 

un-encapsulated DEX was removed by repeated washing 

with distilled, deionized (DI) water. For PolyDots and PLGA 

NPs, centrifugation (1 hour, 2330 g) was used to induce pellet 

formation; then, 90% of the supernatant was discarded and 

replaced with DI water. This washing cycle was repeated two 

more times (30 minutes each). Low speeds were used during 

centrifugation to prevent aggregation during pellet formation. 

PS-b-PEO micelles not containing PLGA failed to form pel-

lets and were therefore subjected to ultrafiltration (molecular 

weight cutoff 100 kDa; Amicon Ultra Centrifugal filter) at 

the same centrifugation settings and washing conditions. The 

washed pellets or micelle concentrates were dried overnight, 

and resuspended in 0.9 mL chloroform. This dissolved the 

pellets, releasing the entrapped DEX into the chloroform 

solution. DEX content was measured in chloroform solution 

by UV–Vis spectrophotometry at 278 nm (peak position 

of DEX in chloroform) and quantified by comparing to a 

standard curve.

Drug release
Drug release from PS-b-PEO micelles, PolyDots, and PLGA 

NPs was evaluated over the course of 38 days using DEX 

as a model therapeutic drug. Samples were synthesized 

via sonication using 500 µL DEX (5 mg/mL) in the initial 

chloroform solution. Un-encapsulated DEX was removed 

by centrifugation/ultrafiltration as described. Then, 1 mL 

samples were incubated in Milli-Q water at 37°C. To mini-

mize water evaporation, tubes were closed and sealed 

with Parafilm. At predetermined time points, pellets or 

concentrates were formed by centrifugation or ultrafiltra-

tion (10 minutes, 4,000 g), as described. The supernatant 

containing the released DEX was collected and analyzed by 

UV–Vis spectroscopy by comparing absorbance at 242 nm 

(peak position of DEX in water) to a standard curve. The 

pellets were then reconstituted in fresh Milli-Q water and 

incubated until the next time point. All measurements were 

performed in triplicate.

Lyophilization
PolyDots were synthesized via sonication, as described, at 

a PLGA:PS-b-PEO ratio of 12.5 with 50 µL of fluorescent 

coumarin 6 as a model drug. Immediately following syn-

thesis, samples were frozen solid at −80°C and freeze-dried 

overnight (Labconco FreeZone 4.5, 0°C, 10 Pa). Lyophilized 

samples were stored at −20°C until testing. Prior to test-

ing, lyophilized samples were resuspended in DI water at 

a concentration consistent with the original. Negatively 

stained TEM images were obtained for freshly synthesized 

and lyophilized samples. In addition, particle integrity for 

freshly prepared and lyophilized samples was verified by 

measuring the fluorescence emission spectra over a range of 

460–640 nm at an excitation wavelength of 420 nm using a 

PTI spectrofluorometer.

PolyDot cellular uptake
To visualize PolyDot cellular uptake, lyophilized PolyDots 

were synthesized as described via sonication using 

coumarin 6. As a model system, LN229 and U87 glioma 

cells (ATCC) were cultured to 60%–80% confluency using 

complete medium (DMEM/F12, 10% fetal bovine serum, 

100 IU/mL penicillin, 100 µg/mL streptomycin, 2 mM 

glutamine). PolyDot medium was prepared by resuspending 

PolyDots in a volume of complete medium equivalent to the 

original PolyDot solution volume (estimated PS-b-PEO con-

centration 23 µg/mL). Cells were incubated with PolyDot-

containing medium and evaluated at 30 minutes, 90 minutes, 

3 hours, and 24 hours as follows. Medium was aspirated, 

and cells were briefly washed with phosphate-buffered 

saline (PBS) at room temperature. Paraformaldehyde (4% 

in PBS) was used to fix the cells at room temperature for 

20 minutes. Cells were rinsed with PBS, stained with DAPI 

(Thermo Fisher Scientific 62248), and mounted using Pro-

Long Antifade mounting agent (Thermo Fisher Scientific). 

Images were acquired with a Zeiss Axiovert upright confocal 

microscope at a magnification of 63×.

Statistics and curve fitting
Statistical analyses were performed using JMP Pro 12 

software (SAS Institute Inc., Cary, NC, USA) using the 

ANOVA test. p-values 0.05 were interpreted as statistically 
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significant. Size distribution histograms of particle sizes 

measured by ImageJ were constructed using Igor Pro 6.37 

software (Wavemetrics). Data were fit using either log nor-

mal or Gaussian functions. For log normal fits, the location 

parameter and scale parameter were converted to mean size 

and standard deviation. For all samples, data are reported as 

mean size ± standard deviation.

Results and discussion
PolyDot size distribution
PS-b-PEO micelles without PLGA (control) and loaded with 

PLGA chains (molecular weight 50,000–70,000 Da, Poly-

Dots) were prepared via the interfacial instability mechanism 

as described by Zhu and Hayward.33 We have previously 

shown that this approach can be used to encapsulate large 

hydrophobic payloads, such as NPs.27,28 To examine the ability 

of this method to encapsulate high-molecular-weight PLGA 

chains in the hydrophobic core, PolyDots were first created 

with a PLGA:PS-b-PEO weight ratio of 5. Resultant PolyDot 

morphology was evaluated using TEM and DLS (Figure 1). 

Accounting for hydration differences, both methods yielded 

a consistent diameter of ~50 nm for PolyDot 5 samples. 

We noted that two potential PolyDot populations were 

obtained, with larger and smaller diameters, respectively.

Next, we evaluated the effect of PLGA:PS-b-PEO weight 

ratio (5, 12.5, 25, 50) on PolyDot morphology (Figure 2) and 

size distribution (Figure 3). The PS-b-PEO micelles and all 

PolyDot samples (PLGA:PS-b-PEO=5, 12.5, 25, and 50) 

exhibited log normal size distributions, whereas the PLGA 

NPs displayed a Gaussian distribution in size (Figure 3 and 

Table 1). Mean diameter ± standard deviation and mode 

diameters were extracted by curve-fitting size distribution 

histograms (Table 1). Polydispersity values, defined as stan-

dard deviation/mean diameter, were also calculated (Table 1). 

As represented by an increasing tail to larger sizes, PolyDots 

continued to exhibit two potential populations with differ-

ent sizes, whereas PLGA NPs generally displayed a single 

population with large size variation.

PS-b-PEO micelles not containing PLGA exhibited a 

mean size of 35 nm with a polydispersity of ~20%, consis-

tent with the literature.38 PolyDots, containing both PS-b-

PEO and PLGA, exhibited a mean size of 35–45 nm with a 

polydispersity of ~20%. Increasing PLGA:PS-b-PEO weight 

ratio from 5 to 50 increased the distribution tail toward larger 

diameters (Figure 3), and more structures could be seen in 

the TEM images (Figure 2B–E), but the mode diameters for 

all PolyDots ranged from 31 to 41 nm. Of particular note 

were PolyDot 50 samples (Figure 2E), which were synthe-

sized with the same PLGA mass (10 mg) as control PLGA 

NPs and the same PS-b-PEO mass (0.2 mg) as control PS-

b-PEO micelles. The PolyDot 50 size distribution (Figure 3 

and Table 1) more closely resembled that of PS-b-PEO 

micelles than PLGA NPs, with a peak centered at ~40 nm. 

Over 93% of PolyDot 50 structures had sizes 100 nm. 

Figure 1 Size characterization of PLGA/block copolymer hybrids (PolyDots) with PLGA: PS-b-PEO wt ratio =5. (A) TEM image of PolyDot 5 sample and inset: size distribution 
histogram based on TEM analysis. Mean diameter (TEM) =44±9 nm. (B) DLS number diameter plot of PolyDot 5 sample. Mean hydrodynamic diameter (DLS) =48±9 nm.
Abbreviations: TEM, transmission electron microscopy; DLS, dynamic light scattering.
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Figure 2 Representative TEM images of (A) control PS-b-PEO micelles, (B) PolyDot 5, (C) PolyDot 12.5, (D) PolyDot 25, and (E) PolyDot 50 samples, and (F) control 
PLGA nanoparticles. Scale bars =500 nm.
Abbreviations: TEM, transmission electron microscopy; PS-b-PEO, poly(styrene-b-ethylene oxide); PLGA, poly(lactic-co-glycolic acid).

Figure 3 Size distribution histograms of (A) PS-b-PEO micelles, (B–E) PolyDots with increasing PLGA:PS-b-PEO ratio (5–50), and (F) PLGA NPs. Sample size for TEM size 
characterization between 100–1,000 particles.
Abbreviations: PS-b-PEO, poly(styrene-b-ethylene oxide); PLGA, poly(lactic-co-glycolic acid); NPs, nanoparticles; TEM, transmission electron microscopy.
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In contrast, PLGA NPs had much higher polydispersity 

(ie, ~0.5) with an average size of 123 nm, consistent with 

prior reports.39 The drastic reduction in size and polydis-

persity of PolyDot 50 structures compared to PLGA NPs 

suggests that PolyDots are not stabilized by PVA alone and 

supports the hypothesis that PLGA is incorporated within 

the micelle structure.

In addition, increasing PLGA:PS-b-PEO ratio did not 

noticeably impact the shape or smoothness of PolyDots 

(Figure 2). These observations are in contrast to micelles 

encapsulating NPs, which undergo changes in size and shape 

at high NP loadings.40 In NP-loaded micelles, BCPs suffer 

loss in conformational entropy during NP encapsulation 

resulting from NP rigidity, giving rise to phase transitions 

or surface defects.41 PLGA copolymers are softer and more 

compressible than NPs, which may have enabled PLGA 

loading in the micelle core or micelle structure without 

affecting shape.

PolyDot degradation
Low intra-tumoral pH is regarded as a cancer hallmark.42 

PLGA degrades rapidly at low pH because of the acid-

catalyzed degradation of its ester backbone.43 Thus, stability 

in acidic environments constitutes an important criterion in 

evaluating the potential of PLGA-based nanocarriers for 

chemotherapy. In addition, PLGA NPs degrade via ester 

hydrolysis, which is accelerated in acidic conditions,14 

whereas PEO-based micelles are reportedly stable in acidic 

environments.44 Thus, degradation behavior can provide 

insight into the PolyDot structure. In vitro degradation stud-

ies of PLGA-based materials can require days to weeks for 

completion at physiologic temperature. Several groups have 

examined degradation behavior of PLGA-based substrates at 

elevated temperatures to increase degradation rates, thereby 

reducing experiment time.45 Thus, degradation behavior of 

PS-b-PEO micelles, PLGA NPs, and PolyDot 50 carriers was 

examined at low pH (pH 2) and high temperature (T =80°C) 

over 9 hours (Figure 4 and Table 2).

PLGA NPs displayed a statistically significant decrease 

in mean particle size following exposure to acid (p0.0001). 

Decreases in diameter were more significant for larger 

PLGA NPs, suggesting higher degradation rates, consistent 

with the expected bulk erosion mechanism and enhanced 

autocatalytic degradation of larger structures.46 With 

prolonged acid exposure (48 hours), nearly all the PLGA 

NPs dissolved, most likely as a result of their small size 

and the elevated temperatures employed. The high tem-

perature maintained throughout the experiment increased 

the degradation rate, but did not increase the aggregation 

of the PLGA NPs. De and Robinson have noted that high 

temperature can facilitate the diffusion of entrapped sol-

vent to the surface of PLGA NPs, where it can dissolve 

Table 1 PolyDot and control NP size properties

Particle PLGA:PS-b-PEO  
(wt ratio)

Mean  
diameter (nm)

Mode  
diameter (nm)

Polydispersity

PS-b-PEO micelles (control) 0 35±8 31 0.23
PolyDot 5 5 44±9 41 0.20

PolyDot 12.5 12.5 36±6 36 0.17

PolyDot 25 25 35±9 31 0.25

PolyDot 50 50 42±10 41 0.23
PLGA NPs (control) N/A 123±65 131 0.53

Abbreviations: NP, nanoparticle; PLGA, poly(lactic-co-glycolic acid); PS-b-PEO, poly(styrene-b-ethylene oxide); w, weight.

Figure 4 Average diameters and standard deviations of PS-b-PEO micelles con
taining no PLGA (empty), PolyDot 50 (PLGA:PS-b-PEO =50) samples, and PLGA 
NPs after acidification to pH 2 at 80°C. PolyDot 50 samples were synthesized at the 
same PS-b-PEO and PLGA concentration as empty micelle and PLGA NP samples, 
respectively. Bars: unfilled =0 hours; hashed =9 hours. Samples with statistically 
different behavior are connected by asterisks, with the p-value provided above the 
sample.
Abbreviations: PS-b-PEO, poly(styrene-b-ethylene oxide); PLGA, poly(lactic-co-
glycolic acid); NPs, nanoparticles.
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the surface and facilitate aggregation.47 The absence of 

PLGA NP aggregation in our experiments suggests that 

the amount of solvent (chloroform) in the sample after 

interfacial instability is too low to enable temperature-

induced aggregation.

In contrast, PS-b-PEO micelles not containing PLGA 

remained stable in acidic medium throughout the observation 

period with no statistically significant change in diameter. 

This is consistent with previous reports that similar PCL-

b-PEO micelles remain structurally stable at pH 2.5 for up 

to a week.44 In those materials, a slight increase in size was 

observed, attributed to PEO coil swelling and increased 

repulsion between the PEO chains.44 Similar mechanisms 

are likely involved in PS-b-PEO micelles and may explain 

the observed increase in polydispersity. Further, the observed 

stability at high temperature is also not surprising as previ-

ous studies indicate that the hydrophobic PS blocks remain 

immobile even when heated to temperatures close to its T
g
 

in pure water.48 PolyDots displayed a statistically significant 

increase in average size in acidic environments (p=0.0027), 

with few PolyDots observed after 9 hours of exposure to 

acidic medium. These findings suggest that PolyDots pres-

ent a unique structure that is distinct from pure PS-b-PEO 

micelles and PLGA NPs.

Proposed PolyDot structure
Three structures are proposed for PolyDot (PS-b-PEO:PLGA) 

composites (Figure 5): 1) a heterogeneous population of 

PLGA NPs and PS-b-PEO micelles (Figure 5A); 2) PS-b-

PEO micelle with intercalating PLGA chains (Figure 5B); 

or 3) PS-b-PEO micelles encapsulating PLGA chains 

within the micelle core (Figure 5C). The first possibility, 

in which self-assembly of a composite fails and separate 

populations of PS-b-PEO micelles and PLGA NPs form, 

is not supported by our observations. The size distribution 

of such a system would be distinctly bimodal with separate 

peaks associated with the PLGA NPs and the much smaller 

PS-b-PEO micelles. Although there is some suggestion of 

two size populations in PolyDots samples (Figure 3), most 

samples present a single peak at 31–41 nm, regardless of the 

PLGA:PS-b-PEO ratio. This finding does not provide strong 

support for the possibility of a separate population of PLGA 

NPs, as much larger sizes (100 nm) indicative of PLGA NP 

formation are not observed. The observed smaller particles 

may represent general variation in the micelle size distribu-

tion. In Figure 2A, we see similar, but less pronounced, 

size distribution in control, unloaded PS-b-PEO micelles. 

The second possibility is that these smaller particles may 

represent PS-b-PEO micelles not loaded with PLGA. It is 

known that hydrophobic loading in the core, for example, 

with drug49 or NPs,27 can increase micelle size. Degradation 

tests in acidic media further suggest that PLGA NPs are not 

present in solution. PLGA NPs formed in conjunction with 

PS-b-PEO micelles would be expected to degrade similarly 

to PLGA NP controls and result in a size reduction with 

acid exposure (Figure 4 and Table 2). In stark contrast, 

PolyDot size increased with acid exposure, suggesting that 

PolyDots present a mixed micelle morphology, consisting 

Table 2 Particle size after exposure to acidic medium

Particle Average diameter 
(nm)

Polydispersity

0 hours 9 hours 0 hours 9 hours

PS-b-PEO micelles 35±8 33±11 0.23 0.35
PolyDot 50 42±10 64±24 0.23 0.38
PLGA NPs 123±65 87±72 0.53 0.83

Abbreviations: PS-b-PEO, poly(styrene-b-ethylene oxide); PLGA, poly(lactic-co-
glycolic acid); NPs, nanoparticles.

Figure 5 Proposed PolyDot structures: (A) independent populations of PLGA NPs and PS-b-PEO micelles, (B) PS-b-PEO micelles with PLGA intercalation between block 
copolymer chains, and (C) PS-b-PEO micelles with PLGA entrapped in the PS core.
Abbreviations: PLGA, poly(lactic-co-glycolic acid); NPs, nanoparticles; PS-b-PEO, poly(styrene-b-ethylene oxide); PS, polystyrene.
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of hydrophobic PLGA copolymers entrapped within or 

intercalating with the PS-b-PEO micelles.

Previous reports of mixed micelles have primarily 

focused on BCP/polymer systems, in which the polymer is a 

homopolymer of one of the blocks constituting the BCP or a 

small-chain surfactant. In these systems, the distribution of 

hydrophobic polymer encapsulants within micelles is loading 

dependent.50–52 Uniform distribution of polymer encapsulants 

throughout the micelle or via “intercalation” stretches the core 

blocks and is thus permitted only at relatively low encapsu-

lant loadings. At higher loadings, the hydrophobic polymer 

encapsulants first form aggregates that are then stabilized by 

the adsorption of the BCP.50 These macroscopically sepa-

rated structures can reach larger sizes than uniformly mixed 

micelles. Although PLGA copolymers have higher molecular 

weights than the surfactants used in previous studies and are 

chemically distinct from PS-b-PEO, their entrainment within 

PS-b-PEO micelles likely proceeds through similar mecha-

nisms. At low PLGA:PS-b-PEO loadings, PLGA copolymers 

may intercalate within the micelle core giving rise to smaller 

structures with sizes controlled by PS-block stretching. 

This would explain the tightly controlled average diameters 

(35–45 nm) seen in PolyDot samples with different PLGA: 

PS-b-PEO loadings (Table 1). This configuration would allow 

degradation of some of the PLGA chains that are exposed to 

the surrounding aqueous environments and cause eventual 

destabilization of the PolyDots as seen in the acid exposure 

studies. In addition, some of the larger structures seen at high 

PLGA:PS-b-PEO loadings (Figure 2D and E) may be macro-

scopically separated structures in which a PLGA-aggregated 

core is stabilized by PS-b-PEO adsorption. Scattering data 

(ie, small-angle X-ray scattering or small-angle neutron scat-

tering) would provide more detail on the final structure.

It should be noted that PLGA encapsulation in a micellar 

structure is fundamentally different from admicellar polym-

erization processes. In the admicellar approach, adsolubi-

lized monomers are polymerized in situ, in the hydrophobic 

regions of surfactant micelles or bilayers.35 In contrast, in our 

approach, the hydrophobic core does not serve as a reaction 

center for polymerization, as the encapsulant is an already 

polymerized PLGA chain. Thus, the encapsulation of PLGA 

is a physical process as opposed to a chemical reaction.

Drug encapsulation efficiency
To further evaluate PolyDots as potential drug release 

vehicles, the ability to encapsulate a model drug, DEX, 

was evaluated as a function of PGLA:PS-b-PEO ratio. 

As controls, PS-b-PEO micelles containing no PGLA and 

PLGA NPs were employed. DEX encapsulation efficiency 

(DEX
EE

) was calculated as follows:53

	

DEX
DEX (mg)

DEX (mg)EE

encapsulated

added

= ×100

�

(1)

DEX
EE

 in PS-b-PEO micelles was only ~7% (w/w) 

with significant variability between samples, indicating 

the poor reproducibility of these systems. DEX
EE

 in PLGA 

NPs was ~30% (Figure 6). PolyDots prepared with varying 

PLGA:PS-b-PEO ratios also displayed DEX
EE

 of ~30%, con-

sistent with those of PLGA NPs. There were no statistically 

significant differences in DEX
EE

 between the four PolyDot 

samples and PLGA NPs, but all samples were statistically 

different from PS-b-PEO micelles (p0.05 for all). Thus, 

PolyDots display quantitatively different encapsulation 

behaviors to PS-b-PEO micelles despite having similar size 

(Table 1).

Drug loading is influenced by micelle core size, core 

hydrophobicity, polymer–drug compatibility, and the micelle 

Figure 6 DEX encapsulation efficiency (DEXencapsulated/DEXadded by weight) of PS-
b-PEO micelle controls, PolyDots with increasing PLGA:PS-b-PEO ratio (5, 12.5, 
25, 50), and PLGA NP controls. Error bars = standard deviation from mean. All 
PolyDot and PLGA NP samples were statistically different from PS-b-PEO micelles 
(*p0.05).
Abbreviations: DEX, dexamethasone; PS-b-PEO, poly(styrene-b-ethylene oxide); 
PLGA, poly(lactic-co-glycolic acid); NP, nanoparticle; ns, not significant.

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2018:13submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

360

Nabar et al

preparation method.54 Higher DEX
EE

 obtained in the PLGA-

based systems (PolyDots and PLGA NPs) most likely arises 

from higher compatibility between DEX and PLGA, com-

pared to PS blocks alone. Hildebrand solubility parameters, 

δ
D
, δ

P
, and δ

H
 representing contributions from dispersion, 

polar, and hydrogen bonding forces, respectively, have 

been widely used to assess compatibility between polymers 

and drugs.55 Solubility parameters (Table 3) were estimated 

using the group contribution method of Van Krevelen and 

Te Nijenhuis,70 and the overall solubility parameter δ
TOTAL

 

calculated using the equation:

	
δ δ δ δ

TOTAL
2 2 2 2= + +

D P H �
(2)

It has been shown that drug–polymer systems with closely 

matching δ
TOTAL

 and δ
H
 result in high drug loading.56 In our 

system, δ
TOTAL

 and δ
H
 for DEX are closer to those of PLGA 

than to those of PS (Table 3). Thus, hydrogen bonding forces 

likely play an important role in enabling higher DEX
EE

 for 

these PLGA-based systems. Entrapment efficiencies may 

be further improved by optimizing solvent, emulsification, 

and solvent evaporation rates.57 Further, it is likely that 

PolyDots form first by the interaction of DEX with PLGA 

chains, which are in turn encapsulated into self-assembled 

PS-b-PEO micelles. DEX and PS-b-PEO have very differ-

ent δ
TOTAL

 and δ
H
 compared to chloroform solvent, and it is 

therefore likely that some phase separation occurs during the 

evaporation process.54

Drug release
Release of model drug DEX was measured over a period 

of 38 days (Figure 7). However, incremental release was 

negligible for all systems after 22 days. Cumulative drug 

release (Figure 7A) was highest for PolyDot 5 samples 

(PLGA:PS-b-PEO =5), a factor of 1.2 higher than that of 

PLGA NPs and 5.9 times higher compared to PS-b-PEO 

micelles not containing PLGA. Fractional release curves 

(Figure 7B; M
t
/M∞, where M

t
 is the mass released at time 

t and M∞ is the mass released at infinite time, that is, after 

additional release can no longer be detected) exhibit very 

similar behaviors for all samples.

With the exception of PS-b-PEO micelles, all solutions 

contain nearly the same total amount of drug encapsulated 

Table 3 Solubility parameters (J1/2/cm3/2) computed using the 
group contribution method

Compound δD δP δH δTOTAL

Polystyrene 18.0 1.1 0 18.0
Polyethylene oxide 11.7 7.3 7.4 15.7
PLGA (50:50)69 16.4 10.7 12.3 23.1
Dexamethasone 23.2 6.8 17.7 30.0
Chloroform 20.1 13.4 4.1 24.5

Note: δD, δP, and δH represent the contributions from dispersion, polar, and 
hydrogen bonding forces, respectively.
Abbreviation: PLGA, poly(lactic-co-glycolic acid).

∞

∞

Figure 7 (A) Cumulative drug release and (B) fractional drug release from PS-b-PEO micelles (), PolyDots (PLGA:PS-b-PEO =5 (Δ), 12.5 (∇), 25 (◊), 50 (*)), and PLGA 
NPs (). Inset: Mt/M∞ for days 0–7.
Abbreviations: DEX, dexamethasone; PS-b-PEO, poly(styrene-b-ethylene oxide); PLGA, poly(lactic-co-glycolic acid); NPs, nanoparticles.
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(ie, DEX
EE

 is ~30% for all PolyDots and PLGA NPs). There 

was no statistically significant difference in the weight of 

drug released from all the PolyDots and the PLGA NPs 

from day 2 to day 38 of release. To investigate drug release 

mechanisms, including the role of carrier degradation 

versus diffusion, the data shown in Figure 7B were fit to 

the Peppas equation for the first 60% of the released drug 

(M
t
/M∞ 0.6):58

	

M

M
ktnt

∞

=
�

(3)

where k is the rate constant, correlated to diffusion rate, 

and n is the diffusional exponent, representing the mode of 

release.

The diffusional exponent, n, offers insight into the 

molecular mechanism governing the release phenomenon 

(Table 4). Control PS-b-PEO micelles and PLGA NPs are 

physicochemically distinct, with different mechanisms gov-

erning release behavior. PS-b-PEO micelles had an n equal 

to 1.15 ± 0.43, consistent with previous reports59,60 and indi-

cating Super Case II transport (ie, for spherical geometries, 

n0.85).61 Super Case II transport is primarily associated 

with release of drug from glassy polymers via chain relax-

ation. As water enters the glassy phase, it plasticizes the core, 

lowering T
g
. When T

g
 reaches the system temperature, the 

polymer chains relax, increasing volume and promoting drug 

mobility.62 The T
g
 of PS blocks employed is ~80°C–90°C.63 

PLGA NPs displayed a diffusional exponent of 0.73 ± 0.10, 

indicating anomalous diffusion (0.43n0.85), consistent 

with previous reports.64 PLGA NPs release drug by a com-

bination of diffusional release and bulk degradation of the 

PLGA ester linkages via hydrolysis.14

PolyDots are composites of PS-b-PEO and PLGA. 

Hence, their release characteristics are expected to reflect 

combined attributes of both control systems. PolyDots 

displayed variation in n values depending on PLGA:PS-b-

PEO weight ratio. PolyDots with lower ratios (ie, 5, 12.5, 

and 25) displayed diffusional exponents ranging from 0.92 

to 0.94 – which are classified as Super Case II, similar to PS-

b-PEO micelles not containing PLGA – whereas PolyDots 

at the highest PLGA:PS-b-PEO ratio of 50 (with the weight 

of PLGA same as PLGA NPs during synthesis) displayed 

n values of 0.77±0.14, similar to PLGA NPs and consistent 

with anomalous diffusion. The PLGA employed (50:50, 

molecular weight 50–70 kDa) is reported by the manufacturer 

to have a T
g
 of 40°C–50°C, much lower than that of PS. Thus, 

PLGA chains likely partially plasticize the PS core, reducing 

n from values observed for pure PS-b-PEO materials.

Rate constant k values support these observations. PS-b-

PEO micelles displayed the highest k values, consistent with 

previous reports indicating rapid drug leakage from micelles 

resulting from poor drug–polymer interaction.25 PolyDots 

displayed lower k values relative to the PS-b-PEO micelles 

because of the stronger interaction between DEX and PLGA 

as indicated by their δ values (Table 3). Thus, the presence 

of PLGA within the PolyDots served to control release and 

prevent rapid leakage of DEX from the carriers. PolyDot 50 

and PLGA NPs exhibited similar rate constants exceeding 

0.2 day−n suggesting that the PLGA content in PolyDot 50 

samples may be sufficient to fully plasticize PS cores at the 

temperatures investigated. Nonetheless, these differences 

do not result in statistically significant differences in release 

amounts, excepting PS-b-PEO micelles.

Lyophilization
For clinical translation, shelf life and stability are critical to 

any drug delivery system. To determine the impact of standard 

storage conditions on PolyDot performance, the ability to lyo-

philize PolyDots containing the model coumarin 6 drug was 

investigated (Figure 8). Freshly synthesized and lyophilized, 

reconstituted PolyDots displayed similar morphology with 

slightly reduced size post-lyophilization (Figure 8A and B). 

Fluorescence spectra were similar (Figure 8C), although there 

was a slight increase in fluorescence (~5%) from lyophilized 

PolyDots (Figure 8D). This may result from changes in 

the solvent environment, particularly water content. Thus, 

changes in morphology and encapsulant properties were 

modest in response to lyophilization.

Cellular uptake
To confirm capability of PolyDots for intracellular drug 

delivery, cellular uptake of lyophilized and reconstituted, 

coumarin 6 dye-loaded PolyDots was examined. Two model 

Table 4 Diffusional exponents and rate constants from the 
Peppas equation

Particle PLGA:PS- 
b-PEO

Diffusional  
exponent, n

Rate  
constant, 
(day-1)

PS-b-PEO micelles 0 1.15±0.43 0.44±0.11
PolyDot 5 5 0.94±0.05 0.13±0.01

PolyDot 12.5 12.5 0.92±0.04 0.17±0.05

PolyDot 25 25 0.93±0.02 0.16±0.03

PolyDot 50 50 0.77±0.14 0.24±0.13
PLGA NPs N/A 0.73±0.10 0.21±0.04

Abbreviations: PLGA, poly(lactic-co-glycolic acid); PS-b-PEO, poly(styrene-b-
ethylene oxide); NPs, nanoparticles; N/A, not available.
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glioma cell lines were employed, as glioma is a potential 

target for hydrophobic drug delivery (eg, vorinostat65). Both 

LN229 and U87 glioma cells demonstrated the uptake of 

PolyDots via endocytotic mechanisms, as evidenced by punc-

tate staining at short time points (Figure 9). PolyDots initially 

clustered at the cell surface (Figure 9A and E, arrowheads), 

and within 90 minutes, these clusters were internalized into 

large vesicles (Figure 9B and F, arrows). These vesicles 

remained present within the cells for several hours (Figure 9C 

and G, arrows), and then dwindled in number by 24 hours 

(Figure 9D and H, arrows). In addition, vesicle location is 

variable throughout the cytoplasm. Taken together, these 

data strongly support the idea that PolyDots enter and move 

throughout the cell using preexisting endocytic and traffick-

ing pathways. We also observe an increase in diffuse green 

staining (Figure 9D, F, and G), potentially associated with 

coumarin 6 release, which could indicate acidic degradation 

of PolyDots within the lysosome. These data are supported 

by our observations in acidic degradation studies that most 

PolyDots are degraded after 9 hours of exposure to acidic 

media. Additionally, cytotoxicity was not observed over the 

course of observation, consistent with our observations that 

PolyDots at concentrations of up to ~150 µg/mL (unpub-

lished) PS-b-PEO do not illicit significant cell death.

Figure 8 PolyDots maintain morphology and encapsulant properties following lyophilization. (A) Freshly synthesized and (B) lyophilized PolyDots demonstrate similar, 
spherical morphology as observed in TEM. (C) Fluorescence spectra: gray markers represent lyophilized sample and white markers represent freshly prepared sample. 
(D) Maximum fluorescence intensity of freshly synthesized and lyophilized PolyDots. Scale bars =500 nm.
Abbreviation: TEM, transmission electron microscopy.
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Figure 9 PolyDot uptake by LN229 and U87 glioma cells. Cultured (A–D) LN229 and (E–H) U87 cells exposed to PolyDot-containing medium and fixed after (A and E) 
30 minutes, (B and F) 3 hours, (C and G) 90 minutes, and (D and H) 24 hours. At 30 minutes posttreatment, LN229 cells show internalization of PolyDots (arrow, A) 
as well as non-internalized particles (arrowheads, A). Similarly, at 3 hours posttreatment, LN229 cells show internalized (arrow, B) and non-internalized (B, arrowhead) 
PolyDots. At 90 minutes, most of the PolyDots have been internalized by the cells (arrow, C) and become less numerous with time (arrow, D). U87 cells treated with 
PolyDot-containing medium display mostly non-internalized PolyDots at 30 minutes (arrowheads, E). At 3 hours posttreatment, there is an increase in internalized PolyDots 
(arrow, F). Internalized PolyDots can still be detected in U87 cells at 90 minutes (arrow, G) and at 24 hours (arrow, H) posttreatment. Scale bars =20 µm.

Figure 10 PolyDot 12.5 samples (PLGA:PS-b-PEO =12.5) synthesized via electrospray: (A) representative TEM images and (B) size histogram of TEM data.
Abbreviations: PLGA, poly(lactic-co-glycolic acid); PS-b-PEO, poly(styrene-b-ethylene oxide); TEM, transmission electron microscopy.

Electrospray
Finally, we evaluated the ability to produce PolyDots 

using a commercial-scale process: micellar electrospray.37 

Electrospray is a well-established, energy-efficient tech-

nique for the commercial-scale production of micron-sized 

particles for pharmaceutical applications.66 In electrospray, 

electro-hydrodynamic forces stretch the chloroform–water 

interface until capillary instabilities induce stream breakup 

into monodisperse emulsion droplets.67 Further scaleup 

can be achieved by multiplexing the coaxial electrospray 

system.68 Previously, we showed that BCPs and hydrophobic 

NPs can self-assemble within these emulsion droplets to form 

micellar nanocomposites.37

Here, electrospray synthesis of PolyDot 12.5 samples 

was demonstrated (Figure 10), resulting in a solution with 

high monodispersity (polydispersity =0.14). In addition, the 

potential bimodal distribution of two particles sizes seen 

in Figures 1–3 was not observed. Lower polydispersity 

observed in electrospray-generated samples compared to 

samples generated via conventional sonication approaches 
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may be attributed to the finer size of emulsion droplets 

generated by electrospray. Additionally, electrospray may 

be advantageous to sonication approaches as ultrasonic 

cavitation produces local high-temperature regions, which 

may be detrimental for heat-sensitive pharmaceutics. Thus, 

electrospray offers an attractive method of scalable produc-

tion of PolyDots, minimizing polydispersity and potentially 

reducing drug denaturation.

Conclusion
Here, we report the synthesis of PolyDots, polymer drug 

release carriers that combine features of PS-b-PEO micelles 

and PLGA NPs. PolyDots were formed using the interfacial 

instability approach, with PLGA added during the micelle 

formation process. This approach permits the formation of 

PLGA-containing drug carriers that are much smaller and 

with narrower size distributions than those synthesized via 

emulsion routes. PolyDots exhibited hydrophobic drug 

encapsulation efficiencies comparable to much larger PLGA 

NPs, and much higher than PS-b-PEO micelles not containing 

PLGA. This, most likely, results from increased hydrogen 

bonding provided by PLGA chains. PolyDot drug release 

was dependent on PLGA:PS-b-PEO ratio, with lower load-

ings exhibiting Super Case II release, consistent with chain 

relaxation, and higher loadings exhibiting anomalous diffu-

sion, consistent with a combination of PLGA degradation 

and Fickian diffusion. These data support a possible struc-

ture in which PLGA is either encapsulated in the PS core or 

interspersed with amphiphile chains. PolyDots are taken up 

by cells, most likely through endocytosis, and release drug 

cargoes in the cytoplasm. PolyDots can be lyophilized with 

minimal changes in size or encapsulant properties and can 

be produced through scalable nanomanufacturing processes, 

enabling potential clinical translation. Thus, controlled size 

distributions, high drug loading, and tunable release char-

acteristics of PolyDots make them promising candidates for 

hydrophobic drug delivery.
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