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Microfluidic Synthesis of Dye-Loaded Polycaprolactone-block-
poly(ethylene oxide) Nanoparticles: Insights into Flow-Directed
Loading and In Vitro Release for Drug Delivery
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ABSTRACT: Using the fluorescent probe dye 1,1'-dioctadecyl-3,3,3',3"-tetramethylindocarbocyanine perchlorate (Dil) as a
surrogate for hydrophobic drugs, we investigate the effects of water content and on-chip flow rate on the multiscale struc-
ture, loading and release properties of Dil-loaded poly(e-caprolactone)-block-poly(ethylene oxide) (PCL-b-PEO) nanopar-
ticles produced in a gas-liquid segmented microfluidic device. We find a linear increase in PCL crystallinity within the
nanoparticle cores with increasing flow rate, while mean nanoparticle sizes first decrease and then increase with flow rate
coincident with the disappearance and reappearance of long filament nanoparticles. Loading efficiencies at the lower wa-
ter content (cwc + 10 wt %) are generally higher (up to 94%) compared to loading efficiencies (up to 53%) at the higher
water content (cwc + 75 wt %). In vitro release times range between ~2-4 days for nanoparticles produced at cwc + 10 wt
% and >15 days for nanoparticles produced at cwc + 75 wt %. At the lower water content, slower release of Dil is found for
nanoparticles produced at higher flow rate, while at high water content, release times first decrease and then increase
with flow rate. Finally, we investigate the effects of the chemical and physical characteristics of the release medium on the
kinetics of in vitro Dil release and nanoparticle degradation. This work demonstrates the general utility of dye-loaded
nanoparticles as model systems for screening chemical and flow conditions for producing drug delivery formulations
within microfluidic devices.

KEYWORDS: Block Copolymers, Polymer Nano-
paticles, Micelles, Drug Delivery, Microfluidics.

materials self-assemble to form nanoparticles with struc-
tural hierarchy or multiscale organization, due to a com-
bination of features at the colloidal length scale (~10-100
nm; e.g. nanoparticle size and morphology) and at the
nanoscale (~1-10 nm; e.g. crystallization of hydrophobic

INTRODUCTION
obuctio segments within nanoparticle cores). For drug delivery

Block copolymer-based drug delivery nanoparticles
have a number of potential advantages over more conven-
tional lipid-based systems, including increased morpho-
logical variability, robustness, and ease of functionaliza-
tion."+ In aqueous media, amphiphilic block copolymers
form micellar nanoparticles of various morphologies, in-
cluding nanoscale spheres, cylinders (filomicelles), lamel-
lae, and vesicles (polymersomes), consisting of cores of
aggregated hydrophobic blocks capable of solubilizing
lipophilic drug molecules, surrounded by a soluble coro-
nal layer of hydrophilic blocks.5™ Biocompatible and
semicrystalline block copolymers, such poly(L-lactide)-
block-poly(ethylene oxide) (PLLA-b-PEO)>"5 and poly(e-
caprolactone)-block-poly(ethylene oxide) (PCL-b-PEQ)7¢
20 are often applied to drug delivery applications. Such

applications, structural features on both disparate length
scales strongly affect the function of block copolymer
nanocarriers.?»?>'93-%5 For example, at the colloidal scale,
the sizes of nanoparticles carrying anticancer agents will
influence their localization within tumours via the en-
hanced permeability and retention effect (EPR),?¢ whereas
nanoparticle morphologies have been shown to signifi-
cantly affect in vivo circulation times:*2192325 at the na-
noscale, the internal crystallinity of semicrystalline nano-
particles is an important factor in such important figures
of merit as stability, flexibility, and release kinetics.?:2219-2>-
5 These examples highlight a critical need for controlling
all levels of multiscale structure in order to obtain hierar-
chical nanoparticles with the desired physical, chemical,



and biochemical properties for a specific therapeutic ap-
plication.

Our group has recently developed a microfluidic plat-
form consisting of a segmented gas-liquid microreactor
for the generation of block copolymer nanoparticles offer-
ing continuous variability of structure via the convenient
“top-down” variable of on-chip flow rate.>”3>>° For the
amorphous  block  copolymer  polystyrene-block-
poly(acrylic acid), PS-b-PAA, we showed that flow-
directed self-assembly enables control over the sizes and
morphologies of the resulting nanoparticles as a result of
shear effects on particle coalescence and breakup.27283°
More recently, we demonstrated that for the semicrystal-
line copolymer PCL-b-PEO, flow rate provides a top-down
experimental handle on structure at both critical length
scales, including nanoparticle size, morphology, and in-
ternal crystallinity;> we further showed that such mul-
tiscale structure control allows the function of drug deliv-
ery nanoparticles, in particular release rates of the encap-
sulated drug paclitaxel (PAX), to be tuned via flow rate.?
In addition, it was found that at a given flow rate the on-
chip chemical environment (i.e. water content) also
strongly influences the structural products of self-
assembly and the function of the resulting nanoparticles
(i.e. PAX loading efficiencies and release rates).>® In order
to develop this microfluidic reactor as a general platform
for the controlled manufacturing of polymeric drug deliv-
ery nanoparticles, we consider that each hydrophobic
drug will interact differently with the solvent and polymer
environments, thus affecting self-assembly and loading in
different ways.335 Optimal on-chip chemical and flow
conditions will therefore need to be tailored for specific
drug cargos, requiring an increased understanding of the
effects of flow rate on nanoparticle structure and function
under a wide range of on-chip chemical conditions (e.g.
solvent, water content, polymer concentration, drug-to-
polymer ratio).

Fluorescent dyes are often used as model hydrophobic
probes or “drug surrogates” for the development of block
copolymer- and lipid-based nanocarriers.33>2 Although
the refinement of on-chip conditions for a given applica-
tion will inevitably require experimentation with the spe-
cific target drug, initial investigations using a hydropho-
bic probe with a size and solubility representative of a
range of hydrophobic drugs can provide insight into gen-
eral trends and establish important a priori information
for subsequent studies. This approach increases both the
time and cost efficiency of formulation development, as
model probes are available at a fraction of the cost of
some therapeutics identified for drug delivery applica-
tions. In addition, the high sensitivity of fluorescence
measurements allows probe dyes to be quantified from
much smaller sample aliquots than are required for non-
fluorescent drug molecules (including PAX). This makes
probe dyes particularly well suited for the investigation of
microfluidic systems, where continuous variability of flow
and chemical parameters allows a large number of small-
volume samples to be collected within a short timeframe.

For example, we recently utilized the dyes pyrene and
naphthalene as model probes with high and low chemical
affinities, respectively, for the PS cores of PS-b-PAA na-
noparticles formed in a segmented gas-liquid microfluidic
reactor under various chemical conditions and two differ-
ent on-chip flow rates (5 and 50 pL/min).?9 In that study,
it was shown that loading efficiencies first increased and
then decreased with increasing water content at a con-
stant flow rate as a result of competing thermodynamic
and kinetic factors. It was also found that the effect of
flow rate on dye loading was generally small, except at an
intermediate water content where a higher particle aggre-
gation number at the lower flow rate corresponded to a
higher loading efficiency. Maximum on-chip loading effi-
ciencies measured for the pyrene and naphthalene probes
were ~73 % and ~11% respectively, reflecting the higher
solubility of the former molecule in the PS cores of the
nanoparticles. For nanoparticles prepared at the interme-
diate water content and at two different flow rates, in
vitro release kinetics of the pyrene probe were compared,
revealing that greater burst release followed by longer
overall release times were associated with nanoparticles
formed at the higher flow rate.

Compared to amorphous nanoparticles such as PS-b-
PAA, the structural hierarchy of semicrystalline PCL-b-
PEO nanoparticles should give rise to even more complex
flow effects on the loading and release of hydrophobic
molecules, due to the interplay of flow-induced structure
formation processes operating on multiple length scales,
including particle coalescence, particle breakup, and crys-
tallization within particle cores. This is supported by our
preliminary loading and release data for the specific drug
PAX in PCL-b-PEO nanoparticles formed on-chip at three
different flow rates and at a single water content, which
suggest that flow-directed particle size, internal crystal-
linity, and mixing all influence loading and release of PAX
from the nanocarriers.® An appropriate dye with high
affinity for PCL should enable studies providing a greater
understanding of flow effects on loading efficiencies for
various hydrophobic drugs under a broad range of chemi-
cal conditions.

A specific characteristic of drug delivery nanoparticles
that is widely studied is the in vitro release of the encap-
sulated drug into an aqueous reservoir.36:373338393440-5029,20
Although the chemical and physical characteristics of the
reservoir are often set to mimic physiological conditions,
it has been shown that in vitro experiments fall short of
recreating the dynamic release mechanisms that exist in
vivo, such that in vitro and in vivo release kinetics are of-
ten drastically different.5®#*9 Nonetheless, the ease of car-
rying out in vitro experiments compared to the financial
and practical challenges of in vivo testing make the former
an important tool in the development of chemistry and
methods for nanocarrier formulations, providing a base-
line and point of comparison for more advanced testing.
The comparison of in vitro results from different studies is
often complicated by the range of different experimental
conditions that are applied. For example, Eisenberg and



others have described in vitro release of hydrophobic
molecules into a medium of running tap water in a setup
designed to maintain a constant chemical potential gradi-
ent under “perfect sink” conditions.3* Other studies have
instead mimicked perfect sink conditions using a large
volume differential (= 250x) between the release medium
and the sample. Within the latter group, the release me-
dium can vary from pure (deionized) water,3734 to phos-
phate buffered saline (PBS),303%4°43 to PBS containing dis-
solved albumin,394>4446 to cell lysate,5>5 representing
increasing similarity with the chemical complexity of
physiological environments. An additional complication
is the demonstrated effect of temperature and pH on the
in vitro hydrolytic breakdown of PCL and similar de-
gradable polymers which provides an additional mecha-
nism for release.5+5 To our knowledge, a systematic com-
parison of in vitro release kinetics into a variety of release
media, representing a wide range of physical and chemi-
cal characteristics, has not yet appeared in the literature.
Such a study should prove immensely useful for establish-
ing which experimental features of in vitro release have
the strongest influence on the release kinetics of polymer-
ic nanocarriers.

In this paper, we apply the hydrophobic dye 1,1'-
dioctadecyl-3,3,3’,3"-tetramethylindocarbocyanine per-
chlorate (Dil) as a fluorescent probe to study on-chip
loading into PCL-b-PEO nanocarriers under various
chemical and flow conditions within a segmented gas-
liquid microfluidic reactor, followed by in vitro release
from the resulting nanoparticle formulations. Dil is a
well-known biological probe commonly applied to label-
ing cells and tissues,5®57 and has been shown to have a
high affinity for the PCL cores of PCL-b-PEO nanoparti-
cles in aqueous and polar mixed solvent media.3+3> The
results of this study provide important insights into the
effects of on-chip flow rate and water content on loading
efficiencies and release kinetics of nanocarriers synthe-
sized in our segmented microfluidic reactor, while also
developing a general strategy for establishing process-
structure-function relations for nanocarriers manufac-
tured using microfluidics. Furthermore, we describe a
systematic study of the dependence of nanoparticle deg-
radation and in vitro release of hydrophobic probe on the
chemical and physical characteristics of the release medi-
um, comparing effects of temperature, static medium vs.
constant flow, and various release media including PBS
buffer, albumin solution, and cell lysate.

EXPERIMENTAL

Materials. Poly(caprolactone)-block-poly(ethylene ox-
ide) (PCLo5-b-PEO.,,, where numbers in subscripts denote
number-average degrees of polymerization for the respec-
tive blocks) was purchased from Advanced Polymer Inc.
and used as received. N,N-Dimethylformamide (DMF)
(Aldrich, 99.9+%, HPLC grade, H,O < 0.03%) was used as
received without further purification. 1,1'-Dioctadecyl-
3,3,3,3"-tetramethylindocarbocyanine perchlorate (Dil)
(Aldrich) was used as received. The Bio-Rad protein assay
(Bradford assay) was used as received without further

modifications. All quantitative stock solutions of PCL-b-
PEO/Dil in DMF were prepared gravimetrically by accu-
rately weighing the solids into a glass vial followed by
gravimetric addition of a known quantity of DMF; stock
solutions were then equilibrated overnight with stirring
before further use. All experiments, unless otherwise not-
ed, were run in triplicate from separately prepared stock
solutions.

Critical Water Content Determination. Static light
scattering (SLS) measurements were carried out to accu-
rately determine the critical water content (cwc) of 0.33
wt % DMF solutions of PCL-b-PEO, which was the initial
condition for all self-assembly experiments in this study.
The cwec is the minimum concentration of water required
to induce spontaneous self-assembly of amphiphilic block
copolymers, dissolved in a good solvent, into micellar
aggregates. SLS measurements were carried out using a
Brookhaven Instruments photon correlation spectrometer
equipped with a BI-200SM goniometer, a Bl-9oooAT digi-
tal autocorrelator, and a Melles Griot He-Ne Laser (633
nm) with a maximum power output of 75 mW.

A 1.0 wt % stock solution of PCL-b-PEO in DMF was fil-
tered through a Teflon syringe membrane filter with a
nominal pore size of 0.45 pm (VWR) into precleaned scin-
tillation vials. The filtered stock was then diluted to 0.33
wt % by gravimetric addition of the required quantity of
DMEF. To the resulting ~6 g of solution, deionized water
was added in successive 0.03-0.06 g quantities via a mi-
crosyringe equipped with two membrane filters (VWR)
with nominal pore size of 0.20 pm connected in series.
After each addition of water, the solution was agitated
using a vortexer to aid in mixing. The solution was then
allowed to equilibrate for 15 min before measuring the
scattered light intensity. All measurements were carried
out at a scattering angle of 9o° and a temperature of 23 °C.
From the resulting plot of scattered light intensity versus
weight percentage of added water (Figure S1), the cwc was
determined from the intercept of linear fits to the base-
line and the region of the plot in which scattered light
intensity increased sharply (above the cwc). Determina-
tions of cwc were carried out three times from the same
stock solution and the mean value and standard deviation
of the three measurements were used to calculate the
reported cwc and experimental error: cwc = 5.5 + 0.4 wt
%.

Microfluidic Chip Fabrication. Negative masters
were fabricated on high quality silicon wafers (Silicon
Quest International, Santa Clara, CA) using the negative
photoresist SU-8 100 (Microchem Inc.). Immediately prior
to use, the wafers were heated on a hot plate at 200 °C for
20 minutes to remove moisture. A 150 pm-thick SU-8 film
was spin-coated onto the silicon and then heated to 95 °C
for 60 minutes to remove residual SU-8 solvent. A pho-
tomask was then placed over the SU-8 film and exposed
to UV light for 180 s. Then, the UV-treated film was heat-
ed at 95 °C for 20 min before submersion in SU-8 devel-
oper (Microchem) until all unexposed photoresist was
removed.



Microfluidics chips  were fabricated from
poly(dimethylsiloxane) (PDMS) using a SYLGARD 184
silicon elastomer kit (Dow Corning, Midland, MI). For
chips used in the preparation of nanoparticles without
PAX, an elastomer base-to-curing agent ratio of 10:1 was
employed as recommended by the kit. However, im-
proved adhesion between the channel and substrate
PDMS layers was later found when base-to-curing agent
ratios were adjusted to 71 and 202 for the two layers, re-
spectively, and these ratios were employed for the PAX-
encapsulation experiments described the text. For fabrica-
tion of all PDMS chips, the elastomer and curing agent
were mixed together and degassed in a vacuum chamber.
The degassed PDMS was then poured over the negative
master in a Petri dish and further degassed until all re-
maining air bubbles were removed. The PDMS was then
heated at 85 °C for ~60 min until cured. The microfluidic
chip was then peeled off of the negative master and holes
were punched through its reservoirs to allow for the in-
sertion of tubing. A thin PDMS film (substrate layer) was
also formed on a glass slide by spin-coating and was per-
manently bonded to the base of the microfluidic reactor
(channel layer) after both components were exposed to
oxygen plasma for 60 s. The reactor has a set channel
depth of 150 pm and consists of a sinusoidal mixing chan-
nel 100 pm wide and 100 mm in length and a sinusoidal
processing channel 200 pm wide and 740 mm in length.

For further stabilization of the bubble generation pro-
cess, an external resistor chip was used between the Ar
gas tank and the microfluidic chip. The resistor chips
served as high pressure drop systems to efficiently damp-
en the pressure fluctuations caused by the Ar gas tank
and the bubble generation process. The total pressure
drop in the external resistor chip was at least one order of
magnitude higher than the pressure drop in the reaction
channel. The resistor chip channels were 1000 mm long,
150 pm deep and 400 pm wide.

Flow Delivery and Control. Pressure-driven flow of
liquids to the reactor inlet was provided using 1 mL gas-
tight syringes (Hamilton, Reno, NV) mounted on syringe
pumps (Harvard Apparatus, Holliston, MA). The micro-
chip was connected to the liquid syringes via 1/16th-inch
(OD) Teflon tubing (Scientific Products and Equipment,
ON). Gas flow was introduced to the microchip via an Ar
tank regulator and a downstream regulator (Johnston
Controls) for fine adjustments. The microchip was con-
nected to the downstream regulator through a 1/16th-inch
(OD) / 100-pm (ID) Teflon tube (Upchurch Scientific,
Oak Harbor, WA). The liquid flow rate (Qiq) was pro-
grammed via the syringe pumps and the gas flow rate
(Qqas) was fine-tuned via the downstream pressure regula-
tor in order to dial in the nominal total flow rates de-
scribed in the main text. Due to the compressible nature
of the gas and the high gas/liquid interfacial tension, dis-
crepancies arise between the nominal (programmed) and
actual values of Qgas, Qgas/Qiig, and the total flow rate (Qo-
wl). Therefore, actual gas flow rates were calculated from
the frequency of bubble formation and the average vol-

ume of gas bubbles, determined from image analysis of
the mean lengths of liquid and gas plugs, Liq and Lgas, re-
spectively, under a given set of flow conditions. This
method of flow calculation has been previously employed
in the context of gas-liquid segmented flow in the micro-
fluidic device.?” Actual flow parameters pertaining to each
microfluidic experiment described in the paper are listed
in Table S1. For all experiments, the relative gas-to-liquid
flow ratio, Qgas/Qiiq ~1 and all actual Qyorar values are with-
in 10% of nominal values reported in the main text.

Visualization of the gas bubbles and liquid plugs within
the microfluidic reactor was achieved using an upright
optical microscope (Omax) with a 10x-objective lens. Im-
ages were captured using a 2.07 megapixel PupilCam
(Ken-A-Vision) and mean lengths of liquid and gas plugs
were determined from the images using image analysis
software (Image]).

Microfluidic Preparation of Dil-Loaded PCL-b-PEO
Nanoparticles. For microfluidic preparation of nanopar-
ticles loaded with dye, three different streams were com-
bined with an Ar gas stream to form gas-segmented liquid
plugs. The following three fluid streams were combined-at
egqualflow rate to form gas-segmented liquid plugs within
the reactor: (1)_either a 1.0 wt % solution of PCL-b-PEO in
DMF _(for cwc + 10 wt % case) or a 3.3 wt % solution of
PCL-b-PEQO in DMF (for cwc + 75 wt % case) with Dil
codissolved at a dye:copolymer ratio of 0.02 in both cases;
(2) a separator stream containing DMF only; and (3) a
water-containing stream consisting of either a DMF solu-
tion containing 46.5 wt % deionized water (for cwc + 10
wt % case) or pure deionized water_(for cwc + 75 wt %
case). Combination of the three liquid streams at equal

flow rate yielded a-steady-state-on-chip—copolymercon-
centrationof 033wt % and-a steady-state water concen-
tration of either15.5 wt %; combination of the three liquid
streams at a flow rate ratio of 10:10:80 yvielded a steady-
state water concentration ofer 8o.5 wt %. These two on-
chip water concentrations corresponded to cwc + 10 wt %
and cwc + 75 wt %, respectively, where the measured cwc
of the copolymer solution was determined to be 5.5 wt %.
For both water concentrations, the steady-state on-chip
copolymer concentration was 0.33 wt %. Microfluidic flow
conditions were selected and controlled as described in
the previous section.

Nanoparticle samples with loaded dye were collected
from the reactor into vials containing a 10x-excess volume
of deionized water, followed by 12 h dialysis (overnight
dialysis) against deionized water (with changing of water
every hour for the first 4 h of dialysis) to remove residual
DMF and unencapsulated Dil. The extremely small
amounts of DMF remaining in the nanoparticles follow-
ing dialysis is not expected to contribute to cell toxicity in
a drug delivery application. However, this question is cur-
rently being investigated by in vitro cytotoxicity studies in
our lab, which will be reported in a forthcoming publica-
tion. The resulting aqueous dispersions of Dil-loaded na-
noparticles were analyzed by TEM, XRD, and DLS, and



loading efficiencies and release kinetics were determined
using fluorescence spectroscopy.

Transmission Flectron Microscopy. Transmission
electron microscopy (TEM) was performed using a JEOL
JEM-1400 TEM, operating at an accelerating voltage of 65
kV and equipped with a Gatan Orius SCi000 CCD camera.
TEM images were obtained by depositing diluted disper-
sions (~0.03 wt % copolymer) consisting of Dil-loaded
PCL-b-PEO nanoparticles in water onto carbon-coated
300 mesh copper TEM grids as described below.

To improve contrast, uranyl acetate was used to nega-
tively stain the PCL-b-PEO nanoparticles. Uranyl acetate
selectively binds to the PEO coronal chains, providing
reverse contrast for the PCL cores, which appear white in
TEM images of stained samples. For reverse staining ex-
periments, nanoparticle dispersions were mixed with 1 wt
% aqueous solution of uranyl acetate in a 11 ratio (v/v)
and one drop of the resulting mixture was deposited onto
a TEM grid. Excess liquid was immediately removed using
lens paper, followed by drying of remaining liquid under
ambient conditions.

Due to the high electron density of uranyl acetate, neg-
ative staining generally impedes visualization of internal
lumen of vesicle structures, such that vesicles and spheres
cannot be readily distinguished from stained samples.
Therefore, all samples revealing aggregates of spherical
shape in negative contrast TEM images were also imaged
without staining. In unstained images, contrast is provid-
ed by high density PCL crystallites which appear dark
relative to both the background and the internal lumen of
vesicles, such that vesicles appear hollow in unstained
images and so can be differentiated from spheres. We find
that one complication of imaging PCL-b-PEO nanoparti-
cles without staining is that upon drying under ambient
conditions, deposited dispersions form large crystallites of
PEO which obscure identification of micellar PCL cores.
To avoid this problem, micellar dispersions deposited
without reverse staining were freeze-dried on TEM grids
using the following method. First, one drop of the micel-
lar dispersion was deposited onto a TEM grid and excess
liquid was immediately removed using lens paper. The
remaining liquid was then vitrified by submerging the
TEM grid into liquid ethane. The resulting vitrified sam-
ple was then freeze-dried under vacuum. As discussed
below, the morphological identification of some aggre-
gates required the evaluation of their heights. For these
experiments, Pt/Pd shadowing of unstained aggregates
following freeze-drying on the grid was carried out at a
shadowing angle of 45°.

For each set of conditions (water content and flow
rate), reported prominent morphologies and mean di-
mensions from TEM of nanoparticles with loaded Dil
(Table 1) were determined from TEM analysis of three
separate preparations starting with three individually-
prepared stock solutions. For each sample preparation
and TEM grid deposition method (unstained, stained, and
shadowed), at least 2-3 TEM images taken in different

regions of the grid were evaluated. Prominent morpholo-
gies for each condition were assigned based on the follow-
ing definitions with associated evaluation methods in
brackets. Spheres were defined as aggregates with circular
projections (TEM with staining) but without internal lu-
men (TEM without staining). Vesicles were defined as
aggregates with circular projections (TEM with staining)
with internal lumen (TEM without staining). Cylinders
were defined as high aspect-ratio filaments of approxi-
mately regular width (TEM with staining). Lamellae were
defined as irregularly-shaped aggregates (TEM with stain-
ing) with heights significantly smaller than their lateral
dimensions (TEM with shadowing); from cases where
aggregate shadowing was carried out, lamellae heights
were determined to be 9 nm (Figure S2). For each prepa-
ration, mean dimensions were determined from ~400
particles; therefore, for each of the mean dimensions in
Table 1, N = 400 x 3 preparations = ~1200, such that the
reported errors reflect reproducibility of the preparation
method. Mean sphere diameters and cylinder widths were
determined exclusively from TEM images with staining.
Averaging and statistical analysis of dimensions from
TEM images was conducted using Image ] software.

Dynamic Light Scattering. Effective hydrodynamic
diameters of Dil-loaded PCL-b-PEO nanoparticles were
determined using dynamic light scattering (DLS). DLS
measurements were carried out using a Brookhaven In-
struments photon correlation spectrometer equipped
with a BI-200SM goniometer, a BI-goooAT digital auto-
correlator, and a Melles Griot He-Ne Laser (633 nm) with
a maximum power output of 75 mW. All DLS measure-
ments of Dil-loaded nanoparticles were performed in
pure water and an experimental temperature of 23°C and
at a scattering angle of go°.

After overnight dialysis against deionized water to re-
move residual DMF and unencapsulated Dil, the Dil-
loaded nanoparticles were transferred to pre-cleaned
scintillation vials then diluted 5x using deionized water,
filtered through two nylon syringe filters in series with
nominal pore sizes of 0.2 m (National Scientific Compa-
ny) to give a final copolymer concentration of ~o0.07
mg/mL. For each nanoparticle preparation, mean effec-
tive hydrodynamic sizes were determined from three
measurements of the autocorrelation function using cu-
mulent analysis. Mean effective hydrodynamic diameters
were determined from three separate data collections
corresponding to one individually-prepared stock solu-
tion, such that reported errors reflect the error in data
collection.

X-Ray Diffraction. X-ray diffraction measurements
were performed on a Rigaku Miniflex diffractometer with
a Cr source (kR radiation, A = 2.2890 A) operating at 30 kV
and 15 mA with a resolution of 0.05° (20) and a scan speed
of 1°/min. X-ray diffraction profiles were collected for 26
ranging from 10-8o degrees.

For XRD sample preparation, water was removed from
suspensions of Dil-loaded nanoparticles by rotory evapo-



ration at 25 °C until solid films were obtained. The result-
ing films were then scraped as a powder into the XRD
specimen holder with no subsequent drying step to re-
move residual solvent. We note that this preparation
method will significantly increase the crystallinity of cor-
onal PEO blocks relative to their colloidal state, as re-
moval of water from the nanoparticle coronae will allow
initially-solubilized PEO chains to pack together. Howev-
er, since the hydrophobic cores will contain no water in
the purely aqueous suspensions, we do not expect the
crystallinity of the core-forming PCL blocks to be strongly
affected when water is removed by rotory evaporation.
Therefore, our XRD experiments should provide a reason-
able probe of nanoparticle core crystallinity in the colloi-
dal state.

Peak deconvolution of XRD data was done using Origin
Pro Version 8.1. Two characteristic reflections for each of
crystalline PCL and crystalline PEO were identified from
the literature and these were used to fix the positions of
four Lorentzian peak contributions to the fit;?*2° another
small Lorentzian peak contribution was used to account
for a small shoulder on the more intense PCL peak in or-
der to obtain a good fit (Figure S3). Thus, XRD data were
fit to a sum of 6 Lorentzian functions: 3 peaks assigned to
crystalline PCL (26 = 32.5, 32.7, and 35.7), 2 peaks assigned
to crystalline PEO (20 = 29.2, 35.4), and 1 peak (no fixed
position) assigned to incoherent scattering from amor-
phous copolymer (amorphous halo). Areal peak contribu-
tions from the three components (crystalline PCL, crystal-
line PEO, and amorphous copolymer) were then deter-
mined by integration and percentages of crystalline PCL
and PEO were calculated using:

% Crystalline PCL = Apc/Atora, and % Crystalline PEO =
Apeo/Atotal,

where Atoral = Apci+ Apgo + AamorphA

Dil Loading Efficiency Determination. To determine
the dye loading efficiency, Dil-loaded nanoparticles were
dissolved by adding a small weighed aliquot of the nano-
particle dispersion (1 - 2 drops) to a known quantity of
DMF (selected so that maximum absorbance values were
< 0.1) and stirring for 4 h in the dark. Fluorescence inten-
sity — concentration calibration curves for Dil at the emis-
sion maximum (Aex = 549 NM; Aem = 565 nm, Figure S4) in
DMF solutions were determined in the linear range; fluo-
rescence intensities of dissolved nanoparticle solutions
were measured at the same wavelengths and under iden-
tical conditions to those of the calibration standards, and
within 5 min of obtaining the calibration curves. Before
calculating integrated photoluminescence intensities, a
solvent background was subtracted and a correction for
the detector response was applied to each sample and
standard measurement. The dye concentrations were
then determined from the calibration curves. After cor-
recting for dilution factors, the loading efficiency was de-
termined using the following expression:

Dil in micelles (g)
total Dil used (g)

loading efficiency (%) = X 100%

Errors on loading efficiencies were calculated from
standard deviations of values for three repeat prepara-
tions of Dil-loaded nanoparticles under the same chemi-
cal and flow conditions.

Determination of Dil Release Kinetics Under Per-
fect Sink Conditions. Dye release kinetics for nanoparti-
cles prepared at various flow rates and two different water
contents were determined under perfect sink conditions.
For these experiments, a dialysis bag (MWCO: 50 kDa,
Spectrum Labs) containing a 1.5 g suspension of Dil-
loaded nanoparticles was placed in a 250 mL beaker filled
with tap water. The beaker was then placed in a crystalli-
zation dish (190 x 100) equipped with a valve for out-
flowing water. Tap water (4 °C, pH = 5.4) was allowed to
flow into the beaker at ~480 mL/min via a Tygon tube.
The beaker was allowed to overflow into the crystalliza-
tion dish and subsequently flow out into the sink. At vari-
ous times, t, aliquots of the dye-loaded nanoparticles
were taken out of the dialysis bag. The sample was then
put into a quartz microcuvette and subsequently analyzed
using fluorescence spectroscopy (e = 549 nm; Aem = 565
nm) to determine I(t). After analysis, the aliquot of dye-
loaded nanoparticles was returned to the dialysis bag and
perfect sink conditions.

Release Experiments into Various Media. In order
to determine the effect of the release medium on the re-
lease kinetics of the dye, release experiments for a single
sample of Dil-loaded nanoparticles prepared at a water
content of cwc + 10 wt % and a flow rate of 100 pL/min
were carried out into the following media at the indicated
temperatures: 1. perfect sink conditions, 4 °C, pH = 5.4; 2.
deionized water, 23 °C, pH = 6.7; 3. 1% PBS, 23 °C, pH =
7.4; 4.1% PBS + albumin (Sigma Aldrich) (45 g / L), 23 °C,
pH = 7.4; 5.1% PBS + albumin (Sigma Aldrich) (45 g / L),
37 °C, pH = 7.4; 6. 1% PBS + albumin (Sigma Aldrich) (45 g
/ L), 37 °C, pH = 4.0; and 7. 1% PBS + cell lysate (protein
concentration = 0.38 g / L), 37 °C, pH = 7.4. The pH of all
PBS-containing solutions was adjusted to either 7.4 or 4.0
using either HCI or NaOH before the release was started.

For all release experiments except those under perfect
sink conditions, which are described in the previous sec-
tion, the following procedures were applied. Dil-loaded
nanoparticle dispersions (~10 mL) were transferred to a
dialysis bag (SpectrumLabs, MWCO 100 kDa) which was
placed into a reservoir containing 250x volume excess of a
particular release medium compared to the Dil-loaded
nanoparticle dispersions. Throughout the release experi-
ments, the release medium was constantly stirred using
magnetic stirring and maintained at experimental tem-
perature using a hot plate in conjunction with a thermo-
couple. At predetermined times, aliquots of the sample
were removed from the dialysis bag, air dried, and dis-
solved into DMF followed by Dil quantification using flu-
orescence spectroscopy (Aex = 549 nm; Aem = 565 nm). For
aliquots containing albumin or PBS, a liquid- liquid ex-
traction using methyl tert-butyl ether (Sigma Aldrich)
was conducted to extract Dil from the media solution.
Prior to quantifying the amount of Dil obtained from lig-



uid-liquid extraction, triplicate control experiments were
conducted to determine the efficiency of the liquid-liquid
extraction: known amounts of Dil were mixed in with a
solution containing both albumin and PBS, then a liquid-
liquid extraction was conducted using methyl tert-butyl
ether: the amount of Dil recovered was calculated to be
>95% (w/w).

To prepare the cell lysate, the MCF-7 human adenocar-
cinoma breast cancer cell line was obtained as a generous
gift from the BC Cancer agency. Cells were grown in Dul-
becco’s Modified Eagle's Medium (DMEM) supplemented
with 10% fetal bovine serum in a 175 cm? culture flask and
maintained at 37 °C with 5% CO, in a tissue culture incu-
bator. To lyse the cells, the cells were exposed to lysis
buffer (0.5% Triton X- 100, 0.5% NP-40, 0.15 M NaCl, o.05
M Tris pH 8, and 0.001 M EDTA) and supplemented with
a protease inhibitor cocktail set III (Millipore). The lysate
protein concentration was quantified using the Bradford
assay (Bio-Rad),° using bovine serum albumin (BSA) as
a standard. In brief, the cell lysate (5 pL) was combined
with the Bradford assay reagent (1 mL) and then analyzed
for the protein concentration by monitoring absorbance
at 595 nm.

RESULTS AND DISCUSSION

Effect of Flow Rate on Multiscale Structure of Dil-
Loaded Nanoparticles. Figure 2 presents the influence
of on-chip flow rate on nanoparticle morphologies from
TEM images and corresponding hydrodynamic size dis-

Table 1. Morphologies®* and Mean Dimensions® for PCL-b-PEO Nanoparticles Prepared in the Segmented Micro-

50 pL/min, we find that long filaments are no longer pre-
sent in the TEM images (Figure 2, B and E) but that
spheres and lamellae persist; this is also supported by the
DLS results, which show only two particle populations at
~70 nm and ~1000 nm. Finally, at a flow rate of 100
pL/min (Figure 2, C and F), the long filaments return and
all three morphologies (spheres, lamellae and filaments)

solvent + water

processing channel
mixing channel

solvent 4

injector

solvent + solids

................... o Collection
1 into 10 x
H,0 (VIV)

L B ek N

Figure 1. Schematic of the gas-liquid segmented reactor and
on-chip formation of Dil-loaded PCL-b-PEO nanoparticles.

are again present in the TEM images with three distinct
populations observed by DLS. Table 1 lists morphologies
and mean dimensions for each set of conditions, with

fluidic Reactor at Various Water Contents and Flow Rates.

Water Content
25 puL/min
(cwc + x wt %)

50 pL/min 100 pL/min

o S (48 £ 4 nm) +
C(5+3nm)+L
S (46 £ 5nm) +

> C(5+3nm)+L

S (47 + 4 nm)+
S(stx5nm)+L C@6+4nm)+L
S (49 £ 4 nm)+

S (49 4nm) +1 C(4+3nm)+L

a) Prominent morphologies are indicated as S (spheres), C (cylinders or filomicelles), and L (lamellae).

b) Numbers refer to mean sphere diameters and cylinder widths. Reported errors are standard deviations of mean values deter-

mined for three replicate preparations.

tributions from CONTIN analysis of DLS data. For two
different water contents, both nanoparticle morphologies
and hydrodynamic sizes show very similar trends with
increasing flow rate. Starting with nanoparticles prepared
at an on-chip flow rate of 25 uL/min, TEM shows a com-
bination of small spheres, lamellae and long filaments
(Figure 2, A and D); the corresponding DLS size distribu-
tions show three distinct populations at ~70 nm, ~800
nm, and ~2000 nm, which we attribute to spheres, lamel-
lae, and filaments, respectively, based on their lateral di-
mensions from TEM. When the flow rate is increased to

excellent reproducibility observed over multiple prepara-
tions (Figures S5 and S6).

The nonmonotonic trend in nanoparticle morphologies
on the colloidal length scale, with long filaments first dis-
appearing and then reappearing with increasing on-chip
flow rate, is in contrast to the corresponding linear behav-
iour of the internal crystallinity of nanoparticles at the
nanoscale. Figure 3 shows a clear linear increase in PCL
crystallinity versus flow rate for both water contents.
These data include the three flow rates discussed in Fig-



ure 2 along with additional flow rates to confirm the line-
ar trend.

Effect of Water Content on Multiscale Structure of
Dil-Loaded Nanoparticles. Considering the effect of on-
chip water content during nanoparticle formation, Figure
2 shows very similar nanoparticle morphologies and sizes
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show that mass of crystalline PCL within the micelles is
15-30 % higher at lower water content compared to higher
water content over the range of investigated flow rates.

Discussion of Effects of Flow Rate and Water Con-
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Figure 2. Effect of flow rate and water content on morphology and hydrodynamic size of Dil-loaded PCL-b-PEO nanoparticles.
TEM images were produced by negative staining with uranyl acetate. All scale bars are 200 nm. Below each TEM image is a repre-
sentative size distribution obtained from CONTIN analysis of DLS autocorrelation functions, along with the mean effective hy-

drodynamic diameter determined from CUMULENT analysis.

for two vastly different water contents, cwc + 10 wt % and
cwce + 75 wt %, at each of the three on-chip flow rates.
This indicates a minimal influence of water content on
the size and structure of Dil-loaded nanoparticles on the
colloidal length scale. However, at the nanoscale, Figure 3

tent on Multiscale Structure of Dil-Loaded Nanopar-
ticles. The effects of on-chip flow rate on the size, mor-
phology and internal crystallinity of block copolymer na-
noparticles formed in segmented gas-liquid microfluidic
reactors have been described in our previous publica-



tions.?73°2° Flow effects are attributed to the influence of
high-shear “hot spots” on the evolution of polymeric na-
noparticles as they progress through the processing chan-
nel (Figure 1) following their initial formation due to wa-
ter mixing in the mixing channel. Three main mecha-
nisms have been described by which hot spots can affect
the final size and structure of polymeric nanoparticles: 1.
shear-induced breakup of larger particles followed by in-
traparticle chain rearrangements; 2. shear-induced coa-
lescence of smaller particles followed by intraparticle
chain rearrangements; and 3. shear-induced crystalliza-
tion. The first mechanism favours lower aggregation
numbers with increasing flow rate, whereas the last two
mechanisms favour higher aggregation numbers with
increasing flow rate. The relative importance of these
three mechanisms depends on a number of factors, in-
cluding the maximum shear rate and the sizes, morphol-
ogies, and internal viscosities of the initially-formed na-
noparticles.2027:3°

Our previous work on PCL-b-PEO nanoparticles with-
out hydrophobic molecules loaded in the cores showed
nonmonotonic trends in morphology and size with re-
spect to on-chip flow rate which were attributed to the
competition between these flow-directed mechanisms.>°
In the present case, the disappearance of long filaments
between 25 pL/min (Figure 2, A and D) and 50 pL/min
(Figure 2, B and E), and the corresponding decrease in
hydrodynamic size, is explained by the increased im-
portance of shear-induced breakup of filaments in this
range of flow rates. Then, when the flow rate is increased
to 100 pL/min (Figure 2, C and F), the reappearance of
filaments and increase in hydrodynamic size can be ex-
plained by an increased rate of either shear-induced coa-
lescence or shear-induced crystallization or a combina-
tion of both mechanisms. In contrast, our work on micro-
fluidic-prepared PAX-loaded PCL-b-PEO nanoparticles
showed a monotonic trend of increasing nanoparticle
hydrodynamic size with increasing flow rate, although the
both the water content (cwc + 5 wt %) and loading ratio
(drug:polymer = 0.01) during nanoparticle formation were
both lower than in the present case.>* However, this dif-
ference does highlight potential differences between re-
sults obtained using dye surrogates and those obtained
for specific drug targets; it also emphasizes that although
dyes such as Dil may be useful for preliminary screening
of on-chip manufacturing conditions, they will not elimi-
nate the need for optimization experiments employing
the specific molecule of interest.

We have previously reported a linear increase in the
crystallinity of PCL cores with on-chip flow rate for both
nanoparticles formed without hydrophobic cargo and
with PAX loaded in the cores.>® This was explained by
shear-induced crystallization in the processing channel as
micelles formed in the mixing channel are exposed to the
high-shear hot spots, where transient and elastic nano-
particle deformations may increase the orientation and
crystallization of PCL chains. Here we find that a similar
linear trend exists for Dil-loaded nanoparticles formed at

both low (cwc + 10 wt %) and high (cwc + 75 wt %) water
contents (Figure 3). Moreover, the overall higher PCL
crystallinities for nanoparticles formed at the higher wa-
ter content can be explained by the lower DMF solvent in
the PCL phase under these conditions, allowing the less
plasticized PCL to crystallize more readily. These results
indicate that for the microfluidic formation of PCL-b-PEO
nanoparticles containing various hydrophobic cargo mol-
ecules, both the water content and flow rate will be criti-
cal manufacturing parameters.

Effect of Flow Rate and Water Content on Dil Load-
ing Efficiency. Loading efficiencies of Dil within nano-
particles prepared at three different flow rates (25, 50, and
100 pL/min) and two different water contents (cwc + 10 wt
% and cwc + 75 wt %) are shown in Figure 4. Loading effi-
ciency data obtained for nanoparticles prepared at addi-
tional flow rates between 5 and 120 pL/min are shown in
Figure S7. At the lower water content (cwc + 10 wt %),
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Figure 3. Effect of flow rate and water content on PCL
crystallinity within the cores of Dil-loaded PCL-b-PEO
nanoparticles

loading efficiencies increase monotonically with increase-
ing on-chip flow rate, starting at 76 % at 25 pL/min, then
jumping to 9o % at 50 pL/min, then further increasing
slightly to 94 % at 100 pL/min. Interestingly, we previous-
ly reported a similar trend of increasing loading efficiency
with increasing on-chip flow rate for the drug PAX at a
similarly-low water content (cwc + 5 wt %), despite dif-
ferences in flow dependencies of size and morphology for
PAX- and Dil-loaded nanoparticles.>° At the high water
content (cwe + 75 wt %), loading efficiencies are signifi-
cantly lower than at the low water content, and also show
a nonmonotomic trend with increasing flow rate, starting
at 52 % at 25 pL/min, then dropping to 43% at 50 pL/min,
then jumping back to 53 % at 100 pL/min.

Based on thermodynamics alone, the higher water con-
tent should lead to a higher interfacial tension between
the PCL core and the surrounding aqueous environment,
and therefore a stronger partitioning of hydrophobic Dil
into the core. However, we find instead that the lower



water content leads to consistently higher loading effi-
ciencies (Figure 4). This can be partially explained by the
role of kinetics in the partitioning of the dye into the na-
noparticle cores: at lower water content, the cores are
more highly swollen with DMF, which lowers their viscos-
ities and facilitates the diffusion of dye into the cores.
Also, the ordered PCL chains within crystallites will ex-
clude guest dye molecules; therefore the higher PCL crys-
tallinities at higher water content (Figure 3) could con-
tribute to the lower Dil solubilities within the cores.

The effect of on-chip flow rate on loading efficiency is
found to be different at the lower and higher water con-
tents. At the higher water content (cwc + 75 wt %), the
loading efficiency tracks with the mean size of nanoparti-
cles (Figure 2, D-F), first decreasing and then increasing
with increasing flow rate (Figure 4). Larger hydrophobic
cores are known to show higher solubility for hydropho-
bic molecules,>* which can explain this tracking of load-

100 pL/min
100 50 pL/min [

25 pL/min
80 | "

Loading Efficiency / %

Figure 4. Effect of flow rate and water content on the
loading efficiency of Dil-loaded PCL-b-PEO nanoparticles.
Red bars: nanoparticles prepared at cwc + 10 wt %; black
bars: nanoparticles prepared at cwc + 75 wt %.

ing efficiency with nanoparticle size. In contrast, at the
lower water content (cwc + 10 wt %), where the loading
efficiencies are generally much higher, loading efficiencies
are found to increase steadily with flow rate rate, despite
a similar nonmonotonic trend in nanoparticle size as the
the cwc + 75 wt % case (Figure 2, A-C). This suggests that
Dil solubility is not strongly tied to nanoparticle size at
the lower water content, probably due to the strong swell-
ing of PCL cores with DMF in this case. Our understand-
ing of the increase in loading efficiency with flow rate in
the cwc + 10 wt % case (Figure 4) is unclear, although this
trend may be due in part to a positive effect of increased
mixing rate under higher shear conditions on dye load-
ing.

Effect of Flow Rate and Water Content on Dil Re-
lease Kinetics. Similar to loading efficiencies, Dil release
kinetics under perfect sink conditions show different on-
chip flow rate dependencies at the high and low water
contents. Dil release profiles at three different flow rates
and at two different water contents are shown in Figure 5.

Nanoparticles formed at the lower water content (cwc +
10 wt %) show generally faster release kinetics, with com-
plete Dil release occurring in the range of ~2-4 days (Fig-
ure 5A). This is in contrast to nanoparticles formed at the
higher water content (cwc + 75 wt %), which required a
minimum of 15 days for dye release and some cases show-
ing incomplete release even after 20 days (Figure 5B).

For the cwe + 10 wt % nanoparticles (Figure 5A), dye re-
lease becomes progressively slower with increasing flow
rate of on-chip manufacturing. Nanoparticles formed at
the lowest flow rate (25 pL/min) show the fastest dye re-
lease, with t,, = 30 min and 100 % release after ~2 days.
For the intermediate flow rate of 50 pL/min, the release is
significantly slower, with t,, = 3 h and ~3.5 days required
for complete release. Finally, at the highest flow rate of
100 pL/min, dye release is slower still, with with ¢, = 4 h
and 100 % release achieved after ~4 days.

On the other hand, nanoparticles formed at cwc + 75 wt
% (Figure 5B) show release kinetics that first decrease and
then increase with increasing flow rate. Nanoparticles
formed at 25 pL/min show release of Dil with ¢,, = 5 h and
a maximum of ~95 % dye released after 22 days. When the
flow rate is increased to 50 pL/min, a decrease in dye re-
lease rate is observed, with t,, = 7 h and a maximum of
~85 % dye released after 22 days. However, when the flow
rate is further increased to 100 pL/min, the resulting na-
noparticles show a sharp increase in release kinetics and
the fastest dye release at this water content, with with ¢,
= 2 hrs and 100 % release achieved after ~17 days (Figure
5B).

Discussion of the Relationship Between Multiscale
Structure and Dil Release Kinetics. The described
trends in release kinetics with respect to both the flow
rate and water content of nanoparticle formation should
be directly tied to the multiscale structure of the nanopar-
ticles. Based on previous observations from our group and
elsewhere in the literature,'>3551819.6120 three specific as-
pects of nanoparticle structure will influence the release
kinetics of hydrophobic molecules from the core: 1. core
volume; 2. core morphology; and 3. internal core crystal-
linity. For diffusional release, both core volume and mor-
phology (through the surface-to-volume ratio) will influ-
ence diffusional distances of molecules to escape the hy-
drophobic cores. Core crystallinity has been shown to
have a direct correlation with internal core viscosity,
which will influence diffusion coefficients within the
cores. In addition, all three structural factors (volume,
morphology and crystallinity) will affect the kinetics of
hydrolytic nanoparticle degradation which, along with
simple diffusion, provides another mechanism of
release.!62°



First considering the effect of water content on release
kinetics, the significantly faster release at the lower water
content (cwce + 10 wt %, Figure 5A) compared to the high-
er water content (cwc + 75 wt %, Figure 5B) is explained
by the corresponding lower PCL crystallinities in the for-
mer case (Figure 3). Higher PCL crystallinity has been
previously shown to increase the microviscosity of the
nanoparticle core, leading to slower diffusion of encapsu-
lated molecules and correspondingly slower release kinet-
ics. 231920 [n addition to slower release, the high PCL crys-
tallinity appears to result in the kinetic trapping of Dil
molecules within the cores of two of the three cwc + 75 wt
% samples, as evinced by the leveling off of release levels
at ~95 % and ~85 % after ~20 days for the 25 pL/min and
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Figure 5. Effect of flow rate and water content on the re-
lease of Dil from Dil-loaded PCL-b-PEO nanoparticles. (A)
Release profiles for nanoparticles prepared at cwc + 10 wt %
and various flow rates. (B) Release profiles for nanoparticles
prepared at cwc + 75 wt % and various flow rates. All release
experiments carried out under perfect sink conditions as
described in the text.

50 pL/min nanoparticles, respectively (Figure 5B).

We next consider the effect of on-chip flow rate on re-
lease kinetics at a water content of cwc + 10 wt % (Figure
5A). The observed monotonic slowing down of release
kinetics with increasing flow rate can be explained by the

concomitant increase in core crystallinity (Figure 3),
which will lead to a corresponding increase in core viscos-
ity and decrease in the diffusion coefficient of Dil within
the cores. Since neither nanoparticle size nor morphology
track with the Dil release rates at this water content, it
appears that, of the three structural parameters listed
above, the role of core crystallinity is most important in
determining the flow dependence of release kinetics un-
der these conditions. We find that this monotonic trend
of slower release kinetics with increasing on-chip flow
rate agrees with results obtained previously for PAX-
loaded nanoparticles prepared in an identical microfluidic
reactor at a low but slightly different water content (cwc +
5wt %).2°

Finally, we consider the nonmonotonic effect of on-
chip flow rate on the release kinetics of nanoparticles
prepared at a water content of cwc + 75 wt % (Figure 5B).
Interestingly, the slowest release kinetics at this water
content are shown by nanoparticles prepared at the in-
termediate flow rate (50 pL/min), which is the one flow
rate that does not produce a significant number of fila-
ments, as discussed previously (Figure 2E). In previous
work, the hydrolytic degradation of filaments has been
shown to occur more rapidly than other morphologies,
providing an additional pathway for faster release of Dil.°
The tracking of the availability of this pathway with the
presence of filament nanoparticles thus explains the ob-
served flow dependence of release kinetics.

Effect of Release Media on Dil Release Kinetics.
Along with release kinetics under perfect sink conditions
described above (flowing tap water, 4 °C, pH = 5.4), for a
single Dil-loaded nanoparticle sample we also investigat-
ed release into a variety of media at different tempera-
tures meant to mimic physiological conditions to various
extents. For all release media except perfect sink condi-
tions, the aqueous reservoir was static (i.e. not continually
replenished) although a strong concentration gradient
was maintained through a large volume differential
(250x%) in favour of the release medium compared to the
dialyzing sample.
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Figure 6. Effect of different chemical and physical charac-
teristics of release media on Dil release profiles (A) and
decay of nanoparticle hydrodynamic size (B) for Dil-loaded
PCL-b-PEO nanoparticles assembled on-chip at a flow rate
of 100 pL/min and a water content of cwc + 10 wt %. In both
(A) and (B), the release media are as follows: 1. perfect sink
conditions, 4 °C, pH = 5.4 (®); 2. deionized water, 23 °C, pH
= 6.7 (m); 3. PBS buffer, 23 °C, pH = 7.4 (A); and 4. PBS
buffer + albumin, 23 °C, pH = 7.4 (#).

First, release kinetics under perfect sink conditions
were compared with release into various aqueous reser-
voirs at room temperature (deionized water, pH = 6.7;
PBS buffer only, pH = 7.4; and PBS buffer + albumin, pH =
7.4). The resulting four release profiles are shown in Fig-
ure 6A. Due to the importance of hydrolytic nanoparticle
degradation to release kinetics, the hydrodynamic nano-
particle sizes under the various conditions were also
tracked by DLS for the first 24 h of release and the corre-
sponding plots are shown in Figure 6B. Of the four release
profiles (Figure 6A), perfect sink conditions at pH = 5.4
show fastest release (blue curve, t,, = 4 h), followed by
PBS buffer + albumin at pH = 7.4 (green curve, t,;, = 10 h),
then PBS only at pH = 7.4 (red curve, ¢, = 13 h), and final-
ly deionized water at pH = 6.7, which shows significantly
slower release than the other four conditions (black

curve, t;, = 5 days). From the corresponding plots of na-
noparticle size (Figure 6B), we find that deionized water
also leads to the slowest rate of size decrease, suggesting
slowest hydrolytic degradation of the nanoparticles, with
the other three conditions showing similar rates of nano-
particle degradation within experimental error.

From these results, we conclude that the main bottle-
neck for the significantly slower release into deionized
water is the correspondingly slow rate of nanoparticle
degradation under these conditions. This underlines the
importance of hydrolytic degradation to the release of
hydrophobic molecules from PCL-b-PEO nanoparticles. It
also suggests that the presence of ions in the aqueous
media, such as are present in tap water and all solutions
containing PBS but not in deionized water, play an im-
portant catalytic role in the hydrolysis reaction. The sig-
nificant but more subtle differences in the other three
conditions, which show essentially identical degradation
rates in the first 24 h, indicate that other aspects of the
release media also play a role in influencing the release.
For example, the fastest release rate occurring for perfect
sink conditions is attributed to the continual replenishing
of the release media and the maintenance of an infinite
chemical potential gradient in that experiment. The
slightly higher release rate into PBS + albumin compared
to PBS alone is ascribed to the hydrophobic surface of the
albumin protein allowing adhesion of the hydrophobic
dye and facilitating transport through the aqueous medi-
um.

Next, release kinetics were compared for various aque-
ous reservoirs at physiological temperature (37°C, PBS +
albumin, pH = 4.0; PBS + albumin, pH = 7.4; and PBS +
cell lysate, pH = 7.4), along with room temperature re-
lease into PBS + albumin at pH = 7.4. The resulting four
release profiles are shown in Figure 7A with correspond-
ing plots of nanoparticle size in Figure 7B. Of the three
release profiles obtained at 37°C (Figure 7A, solid curves),
PBS + albumin at pH = 4.0 showed the fastest release
(purple curve, t,;, = 8 h), followed by PBS + albumin at pH
= 7.4 (orange curve, t,;, = 9 h), then PBS + cell lysate at pH
= 7.4 (gray curve, t,, = 12 h). Comparing identical chemi-
cal conditions at two different temperatures, Dil release
into PBS + albumin at pH = 7.4 and room temperature
(dashed green curve, t,;, = 10 h) is slightly slower than
release into the same medium at physiological tempera-
ture (orange curve, t, = 9 h); this can be attributed to a
marginally faster rate of hydrolytic degradation at the
more elevated temperature, as indicated by the corre-
sponding plots of nanoparticle size in Figure 7B.

We note that the effect of acidic pH into otherwise
equivalent solutions of PBS + albumin is a slight increase
in release rate (Figure 7A, purple and orange curves, pH =
4.0 and 7.4, respectively) which can be attributed to an
increased rate of PCL hydrolysis under acidic conditions.
However, if the rate of hydrolysis is faster at pH = 4.0
than at 7.4 under these conditions, this is not reflected in
the corresponding plots in Figure 7B, which show similar
rates of decreasing nanoparticle size in these two cases;
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Figure 7. Effect of different chemical and physical character-
istics of release media on Dil release profiles (A) and decay of
nanoparticle hydrodynamic size (B) for Dil-loaded PCL-b-
PEO nanoparticles assembled on-chip at a flow rate of 100
pL/min and a water content of cwc + 10 wt %. In both (A) and
(B), the release media are as follows: 1. PBS buffer + albumin,
23 °C, pH = 7.4 (#®); 2. PBS buffer + albumin, 37 °C, pH = 7.4
(A); 3. PBS buffer + albumin, 37 °C, pH = 4.0 (m); 4. PBS
buffer + cell lysate, 37 °C, pH = 7.4 (®).

one possibility is that pathways of PLC hydrolytic degra-
dation that contribute to Dil release but do not signifi-
cantly affect hydrodynamic diameter, such as poration,
are selectively accelerated at decreased pH. Finally, the
relatively slow rate of release into PBS + cell lysate at pH =
7.4 compared to PBS + albumin at pH = 7.4 (Figure 7A,
gray and orange curves) can be explained by the relatively
low protein concentration in the cell lysate compared to
the prepared albumin solution leading to slower transport
of hydrophobic dye through the aqueous phase. We note
that although the lysate will also contain trypsin and re-
lated enzymes, which could accelerate release by provid-
ing enzymatic pathways for PCL hydrolysis, in the present
experiment these pathways were blocked by the protease
inhibitor cocktail. An interesting and somewhat puzzling
observation is that the relative rates of decreasing nano-
particle size (Figure 7B, gray and orange curves) also sug-
gest slightly slower PCL degradation in the cell lysate
compared to the albumin solution, despite the two aque-
ous media being at the same temperature and pH. Alt-
hough this could suggest a catalytic role of albumin in
PCL degradation at physiological temperature, we note

that the difference in the rates of size decrease is small
compared to experimental error and further investigation

is required to confirm this effect.

CONCLUSIONS

Previous work in our group has demonstrated that two-
phase gas-liquid segmented microfluidic reactors enable
the multiscale structure of block copolymer nanoparti-
cles, along with their loading and release of small cargo
molecules, to be controlled via the experimental handle of
flow rate.>>?73° Here, we expanded our understanding of
the complex interplay of 1. water content and 2. flow rate
in this microfluidic manufacturing platform using the
fluorescent dye Dil as a general surrogate for hydrophobic
drug molecules. We studied the effects of these two vari-
ables on the nanoparticle morphology, size, internal crys-
tallinity, dye loading and dye release. With respect to wa-
ter content, we showed that microfluidic preparations at
higher water content resulted in nanoparticles with high-
er core crystallinities, lower loading efficiencies, and
slower release of hydrophobic cargo. With respect to flow
rate, we showed that increasing flow rate resulted in
higher core crystallinity at both water contents, whereas
loading efficiencies and release rates showed flow de-
pendencies dependent on the water content; at the lower
water content, increasing flow rate increased loading effi-
ciency and decreased release rate whereas at the higher
water content, increasing flow rate decreased and then
increased both loading efficiency and release rate. These
results highlight a complex combination of thermody-
namic and kinetic factors within this system. To our
knowledge, this platform represents the only microfluidic
reactor demonstrating flow-variability of multiscale struc-
ture and function of polymeric nanoparticles.6>%® There-
fore, the trends discovered here should inform the micro-
fluidic manufacturing of polymeric drug delivery nano-
particles with improved structural control and efficacy.

In addition, we used a single Dil-loaded PCL-b-PEO
nanoparticle formulation to determine the effects of the
chemical and physical characteristics of the release medi-
um on the kinetics of dye release and nanoparticle degra-
dation. Although subtle differences in release kinetics
were observed depending on temperature, pH, and the
presence of albumin or cell lysate, the most important
factor appeared to be the presence (or absence) of ions in
the aqueous reservoir, with release into deionized water
being markedly slower than other experiments. Such in
vitro release experiments are ubiquitous in the litera-
ture, 92029323436 and often employ release media with dif-
ferent chemical and physical properties; therefore, this
study highlights that meaningful comparison of such data
from different groups requires careful consideration of
differences in the release media.
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