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Abstract

The effect of vortex-induced mechanical stresses on the fluorescent properties
of dye-containing poly(ethylene glycol)-block-poly(lactic acid) (PEG-b-PLA)
block copolymer micelles has been investigated. PEG-b-PLA block copolymer
micelles containing fluorescent dyes, 3,3'-dioctadecyloxacarbocyanine perchlo-
(DiO)
perchlorate (Dil), are prepared by a simple one-step procedure that involves

rate and/or 1,1'-dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine
the self-assembly of block copolymers and spontaneous incorporation of
hydrophobic dyes into the core of the micelles. Upon vortexing, the micelle
dispersion samples showed a decrease in fluorescence intensity in a rotational
speed- and time-dependent manner. The results demonstrated that the
vortexing can alter the fluorescent properties of the dye-containing PEG-b-PLA
block copolymer micelle dispersion samples, suggesting the potential utility of

block copolymer micelles as a mechanical stress-responsive nanomaterial.
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is important to establish understanding of the properties
of nanomaterials upon exposure to mechanical stresses.

Mechanical stresses ubiquitously occur on objects in
motion. Along these lines, synthetic nanomaterials with
stimuli-responsive properties to such mechanical stresses
have attracted a great interest'® for the potential utilities
in broad areas as mechano-responsive chromic/lumines-
cent materials,®> self-healing and self-immolative
materials,*’ drug delivery nanocarriers,®*'° protein-
releasing nanocontainers for bioreactors,'*  and
nanoprobes for biomechanical research.'*** In the devel-
opment of mechanical stress-responsive nanomaterials, it

We here report the effect of vortex-induced mechanical
stresses on the fluorescent properties of dye-containing
poly(ethylene glycol)-block-poly(lactic acid) (PEG-b-PLA)
block copolymer micelles.

To date, a number of studies have described the influ-
ence of mechanical stresses, such as shear and
elongational forces on the morphologies of block copoly-
mer micelles. For example, it has previously shown that
agitation can trigger deformation/transformation of
micellar structures'> ' (e.g., from cylinders to rings,'®
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from spheres to rods*'). In addition, there have been
reports on the loss of gene delivery efficiency by block
copolymer micelle-based nanocarriers due to the shear
stress-induced structural deterioration,?' the preparation
of bulk hydrogel by crosslinking of block copolymer
micelles for mechanical stretching-induced drug
release,?” and the vortex-induced acceleration of the poly-
mer chain exchange between block copolymer micelles.*
However, little has been reported in regard with the
effect of mechanical stresses on the fluorescent properties
of dye-containing copolymeric micelles.**

In this work, we focused on the behavior of fluores-
cent dye-containing PEG-b-PLA block copolymer
micelles upon exposure to vortex-induced mechanical
stresses. The dye-containing micelles were prepared in a
simple one-step procedure by capitalizing the unique
capability of amphiphilic block copolymers to spontane-
ously self-assemble into micellar forms and incorporate
hydrophobic “guest” molecules into their interior.>>°
Our results demonstrate that the vortexing causes the
decrease of fluorescence intensity of the prepared micelle
dispersion samples in a rotational speed- and time-
dependent manner, showing the promising properties
of copolymer micelles as a new mechanical stress-
responsive nanomaterial.

2 | EXPERIMENTAL

2.1 | Materials

Poly(ethylene glycol)-block-poly(lactic acid) (PEG(5000)-b-
PLA(5000), PEG-b-PLA) was purchased from Polysciences
Inc. (Warrington, PA). 3,3’-Dioctadecyloxacarbocyanine
perchlorate (DiO) was purchased from Marker Gene Tech-
nologies, Inc. (Eugene, OR). 1,1'-Di-n-octadecyl-3,3,3',3'-
tetramethylindocarbocyanine perchlorate (Dil) was pur-
chased from Alfa Aesar (Lancashire, UK). Deuterium
oxide (D,0, 99.8 atom % D) and deuterated acetone (ace-
tone-ds, 99.8 atom % D) were purchased from Acros
Organics (Geel, Belgium). The standard grade regenerated
cellulose dialysis tubing (Spectra/Por 6, molecular weight
cutoff [MWCO]: 3.5 kDa, 18 mm flat width) was pur-
chased from Repligen Corporation (Waltham, MA). Car-
bon film-coated Cu TEM grids (300 mesh, 01843-F) were
purchased from Ted Pella, Inc. (Redding, CA).

2.2 | Preparation of dye-containing block
copolymer micelles

Micelles were prepared by following the previously
reported procedures® > with minor modifications. One

milliliter of the acetone solution containing PEG-b-PLA
block copolymer (10.0 mg), DiO (0.015 mg), and Dil
(0.075 mg) was prepared by mixing stock solution of each
component (See Supporting Information for more detail
on the procedure). The solution was added dropwise into
5 ml of deionized water in a 20-ml borosilicate glass scin-
tillation vial under vigorous stirring (300 rpm). The solu-
tion was then kept under stirring for 3 h at room
temperature to vaporize acetone. The obtained superna-
tant was then transferred into a dialysis unit equipped
with a dialysis membrane (Spectra/Por 6, molecular
weight cutoff [MWCO]: 3.5 kDa, 18 mm flat width) and
was dialyzed against 500 ml of deionized water for
2 days. Deionized water was changed after 1 day. The
dialyzed samples were stored in a 15-ml polypropylene
tube at 4°C until the time of use.

2.3 | Determination of block copolymer
concentration

After dialysis, the concentration of the block copolymer
in the obtained micelle sample was determined by gravi-
metric analysis. Two to three milliliters of the sample
was lyophilized and the weight of dry polymers was mea-
sured on an analytical balance. The measured dry weight
of the obtained polymer was divided by the initial volume
of the solution to calculate the polymer concentration of
the sample.

2.4 | Fluorescence measurement

The fluorescence spectra were measured on a
QuantaMaster spectrofluorometer (Photon Technology
International, Inc. Birmingham, NJ) with integration
time of 1 s, and increment of 1 nm. A 3-ml quartz cuvette
(internal dimension: 10 mm X 10 mm) was used in all
measurements.

2.5 | UV-visible absorption
measurement

The UV-visible absorption spectra of samples were mea-
sured on a Cary 60 spectrophotometer (Agilent Technolo-
gies, Santa Clara, CA) or a cuvette port of SpectraMax
M5 multi-mode microplate reader (Molecular Devices,
Sunnyvale, CA). A 1-ml quartz cuvette with a 10 mm
path length was used in all measurements. Prior to the
absorption measurement, micelle samples were diluted
to 1.00 mg ml™" in water or 0.667 mg ml™' in acetone:
water (2:1, vol/vol).
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2.6 | Transmission electron microscope
measurement

Transmission electron microscopy (TEM) images were
acquired on a Tecnai F20 field-emission electron micro-
scope (FEI Company, Hillsboro, OR) at an acceleration
voltage of 200 kV. Prior to the preparation of the sample,
a carbon film-coated Cu TEM grid was glow-discharged
by a plasma cleaner. Three microliters (3 pl) of the
micelle samples (0.25 mg polymer/ml) was dropped onto
the glow-discharged grid. Water remained on the surface
of the TEM grid after 3 min of incubation was absorbed
with a piece of Kimwipes® and air-dried at room temper-
ature. The size of block copolymer micelles on TEM
images were quantified by using Image] software
(NIH).34—36

2.7 | Typical procedure for determining
the effect of vortexing

A typical procedure for determining the effect of
vortexing is as follows: A 25ml of 5.00 ugml™" dye-
containing block copolymer micelle sample was prepared
by mixing appropriate amounts of the stock micelle solu-
tion and water. To a series of 15-ml polypropylene centri-
fuge tubes, 3 ml of the micelle samples (5.00 pg ml™")
were transferred using a micropipettor. Three tubes are
attached to a Digital Vortex-Genie 2 (Scientific Industries,
Inc., Bohemia, NY) equipped with a vertical high-speed
15-ml tube holder. Out of six holding arms, every other
arm was left empty to ensure the stable rotation of the
tube holder. Each tube was located at 2.7 cm from the
center of the vortexer and rotated in a circular orbit with
a radius of 2.3 mm. After vortexing, all solution in the
tube was transferred to a 3-ml quartz cuvette and the
fluorescence spectrum was measured with the setting
described above.

3 | RESULTS AND DISCUSSION

3.1 | Critical micelle concentration and
H NMR characterization

Critical micelle concentration (CMC) is the concentration
above which an ionic or nonionic surfactant forms micel-
lar structures. The CMC of the PEG-b-PLA block copoly-
mer was determined by measuring the fluorescence of
pyrene in the presence of varied concentrations of the
block copolymer.?”*® The determined CMC value was
19 pyg ml™" (Figure S1), which was close to the CMC
value reported for a PEG-b-PLA block copolymer

consisting of similar block lengths on literature.”” 'H
NMR measurements were performed to determine the
chain mobility of each block within micellar structure
since both temperature and chain lengths of PEG and
PLA blocks affect the behavior of PEG-b-PLA block
copolymer micelles.*”** The results showed that CH,
peaks (3.7-4.3 ppm) in PEG block can be observed in the
spectra acquired at 25-70°C whereas CH; peaks
(1.3-2.3 ppm) from PLA block could only be observed at
40°C and higher (Figures S2-S4 and Table S1). This indi-
cates that the PEG block is highly solubilized in water at
all these temperatures. On the other hand, the PLA block
is forming a “solid-like” core with low chain mobility at
room temperature.*

3.2 | Preparation of dye-containing block
copolymer micelles

Hydrophobic dye-containing amphiphilic block copolymer
micelles have been previously used in several studies on
the dye transfer from micelles to biological membranes,*'
proteins,**® and/or dye exchange between micelles.*” In
this study, we adapted DiO and/or Dil-containing PEG-b-
PLA block copolymer micelles as a model system in order
to investigate the effect of vortexing-induced mechanical
stresses on the fluorescent properties of dye-containing
block copolymer micelles (Figure 1).

For this purpose, the three block copolymer micelles
were prepared: two contained either DiO or Dil dye; and
one contained both DiO and Dil dyes. The DiO/PEG-b-
PLA and Dil/PEG-b-PLA micelle samples showed a fluo-
rescence emission peak at 507 nm (DiO emission peak)
and 568 nm (Dil emission peak), respectively (Figure 2(a,
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FIGURE 1 Schematic illustration of dye-containing block
copolymer micelles. The illustration of a DiO/Dil/PEG-b-PLA block
copolymer micelle is described above as an example [Color figure
can be viewed at wileyonlinelibrary.com]|
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FIGURE 2 Fluorescence emission spectra of solution
prepared by dropwise addition of (a) DiO, (b) Dil, and (c) DiO and
Dil into water with or without PEG-b-PLA block copolymer. The
spectrum was measured with an excitation light of 425 nm for

(a) DiO and (c) DiO + Dil with an excitation light of 475 nm for
(b) Dil. Solid line (black): With PEG-b-PLA block copolymer.
Dashed line (red): Without block copolymer [Color figure can be
viewed at wileyonlinelibrary.com]

b), solid lines). On the DiO/Dil/PEG-b-PLA micelles con-
taining two dyes, a small peak at 507 nm was observed
but the dominant peak was found at 568 nm, indicating
the occurrence of Forster resonance energy transfer
(FRET) from DiO to DiI**3'33840-43 (Eigure 2(c), solid
line). As FRET occurs only when DiO (donor dye) and
Dil (acceptor dye) are present within a few nanometers
of each other,*® the result confirmed the formation of
block copolymer micelles and incorporation of these
hydrophobic dyes into the micellar core.** The amount of
the DiO and Dil dyes in each micelle dispersion sample

TABLE 1
PLA block copolymer micelle dispersions

was determined based on the UV-visible absorption spec-
tra (Table 1).

3.3 | Fluorescent spectral change
induced by vortexing

Our hypothesis was that the mechanical stresses induced
by vortexing would trigger the release of the dyes that are
kinetically entrapped in the solid-like core of the
micelles. The release of the dyes into a more polar
solution phase should yield detectable changes
(e.g., solvatochromic shift of emission peaks or change in
FRET efficiency®) in the fluorescence spectrum. To test
the hypothesis 3 ml of the DiO/PEG-b-PLA, Dil/PEG-b-
PLA, and DiO/Dil/PEG-b-PLA micelle samples were
diluted to 5 pg ml~" in H,0, which is below the CMC, in
a 15-ml conical polypropylene centrifuge tube and were
subjected to vortexing at 3000 rpm for 5 min. Somewhat
interestingly, instead of the shift of emission peaks or
change in FRET efficiency, we observed the decrease in
the height of both donor (DiO) and acceptor (Dil) peaks
upon vortexing for all the dye-containing micelle disper-
sion samples (Table 1 and Figure S6). A similar trend was
observed with samples containing higher concentrations
of DiO/Dil/PEG-b-PLA micelles. Meanwhile, the degree
of the vortex-induced fluorescence intensity decrease was
less pronounced for these samples. The fluorescence
intensity decreased by 33.2% at 50 ug ml~" after vortexing
at 3000 rpm for 5 min and by 21.9% at 250 pg ml™" after
vortexing at 3000 rpm for 10 min (data not shown).

3.4 | Behavior and morphology of dyes
and micelles in aqueous solution

To better understand the observed spectral change a
series of experiments were carried out. To this end, we
investigated the behavior of DiO and Dil dyes in aqueous

Dye content and percentage of fluorescence intensity decrease after vortexing at 3000 rpm for 5 min of dye-containing PEG-b-

Fluorescence decrease

DiO, feed Dil, feed DiO, Found® Dil, found® upon vortexing

(Wt%)* (Wt%)* (Wt%)* (Wt%)* (% + SD°)
DiO/PEG-b-PLA 0.15 — 0.12 — 56 + 10
Dil/PEG-b-PLA = 0.75 = 0.43 49 +5
DiO/Dil/PEG-b- 0.15 0.75 0.11 0.49 40 + 4

PLA

*Based on the ratio of the weight of dye to the weight of polymer.
"Determined from UV-visible absorbance spectra.
‘Calculated standard deviation (n = 3).
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solution in the absence of block copolymers, stability of
micelles over an extended time period and under differ-
ent temperatures, and morphology of the block copoly-
mer micelles.

3.4.1 | Behaviors of DiO and Dil dyes in
absence of polymer

It has been previously reported that both DiO and Dil
dyes are soluble in acetone but these dyes show little to
no solubility in water.>****> Therefore, fluorescence
properties of DiO and Dil dyes in the absence of block
copolymer micelles were studied. Our control experiment
confirmed that both DiO and Dil dyes were soluble in
acetone and the obtained solution showed fluorescence
emission peak at 507 and 568 nm, respectively. We then
repeated the procedure for the micelle sample prepara-
tion but without the block copolymer. It was observed
that most of Dil dyes adhered to the surface of magnetic
stirring bars and glass vials during the dropwise addition
of acetone solutions containing Dil into deionized water
and subsequently acetone vaporization. On the other
hand, it was found that DiO forms colloidally stable
aggregates in water as the sample retained the yellow
color even after dialysis. Meanwhile, the supernatants of
neither DiO nor Dil samples exhibited any fluorescence
when those dyes were added into water without block
copolymers (Figures 2(a—c), dashed lines), indicating that
these dyes are not fluorescent in aqueous environments
unless the dyes are incorporated in block copolymer
micelles. These results suggested that a decrease in the
fluorescence intensity could be caused by the precipita-
tion and/or aggregation of the dyes that are released to
aqueous phase. This explanation appears to be consistent
with the less pronounced effects of vortexing at the high
micelle concentrations as the higher micelle concentra-
tions could increase the probability for the dyes being
reabsorbed by other micelles.

3.4.2 | Fluorescence measurement over
extended time period and under different
temperatures

To gain more insights on the stability of the block copol-
ymer micelles in static conditions, the fluorescence
measurement experiment with the dye-containing
micelle dispersions was repeated with an extended incu-
bation period at room temperature. In the first part of
this experiment, the diluted micelle samples (5 pg poly-
mer ml™') were incubated for 5 h under static condi-
tions and the fluorescence spectra were acquired at

Applied Polymer wiLEy-L s

1 hour-intervals. Despite that the micelle samples were
diluted to below the CMC of the block copolymer, the
fluorescence intensity of the samples showed little
change over 5 h until being subjected to vortexing
(Figure 3). This confirmed the kinetic stability of the
dye-containing micelles in the diluted conditions. In
other words, the PEG-b-PLA block copolymer micelles
are, once formed, highly stable under static conditions
unless they are exposed to vortexing, presumably due to
the “solid-like” nature of the micelle core. Indeed, we
found that the stock solution of dye-containing micelles
(2 mg ml™") stored at 4°C did not show any noticeable
spectral change over several weeks. The fluorescence
intensity largely decreased upon 5 min of vortexing at
3000 rpm and it remained at the same level during 2 h
of the subsequent static incubation time. This appar-
ently implies that the observed decrease in the fluores-
cence intensity is irreversible.

In addition, we investigated the stability of micelles at
higher temperatures. In contrast to the micelle samples
incubated at room temperature, the samples incubated at
38 and 60°C showed an irreversible decrease of fluores-
cence intensity even without vortexing (Table S4). This
appears to indicate that the low chain mobility of the
PLA block contributes to the stability of the dye-
containing micelles at room temperature. It was also
observed that vortexing of dye-containing micelle sam-
ples at 38°C resulted in further decrease of fluorescence
intensity. Despite that vortexing of micelle samples at
higher temperatures could not be performed due to the
limitations of the current setup of our equipment, the
results suggested that the behavior of block copolymer
micelles could be affected by temperature.

35- Vortexing
> By -
= 3.0 © 0--@--_@_—@‘/
c \
o 2.5 '\
c = \
s & 20- \
o o \
5% ‘
o2 1.5+ B-to--0
2 x
5 1.0 1
3
w 0.5 1

0.0 :

0 2 4 6 8

Time (hours)

FIGURE 3 Change in fluorescence intensity of DiO/Dil/PEG-
b-PLA micelle samples over time. The samples were incubated
statically for 5 h followed by 5 min of vortexing at 3000 rpm and
subsequent static incubation.) excitation wavelength: 425 nm.
Emission wavelength: 567 nm
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3.4.3 | TEM analysis

In order to analyze the effect of vortexing from the view-
point of the micelle morphology, the block copolymer
micelle samples were characterized by TEM. Figure 4
shows the size distribution of the DiO/Dil/PEG-b-PLA
micelle samples before and after being subjected to
vortexing at 3000 rpm for 5 min. The average diameter of
DiO/Dil/PEG-b-PLA micelles before vortexing was
17.5 nm with the standard deviation of 4.0 nm (n = 91)
and the size distribution of the micelles was mono-modal.
In contrast, the size distribution pattern was significantly
different for the micelles being subjected to vortexing;
micelles with larger sizes could be observed and the aver-
age diameter also increased to 22.7 nm with the standard
deviation of 10.7 nm (n = 180).

The change in the size distribution of micelles sug-
gests that the vortex-induced mechanical stresses cause
the fusions of the micelles. Meanwhile, it is important to
note that it was technically challenging to detect micelles
below 9 nm due to the low contrast compared to the
background. Therefore, we could not accurately quantify
the number of smaller micelles. For this reason, the
occurrence of the fission of the micelles, release of dyes,
or expulsion of polymer chains into solution phase could
not be either confirmed or excluded.

Overall, the result of TEM measurements showed that
the vortex-induced mechanical stresses are sufficiently
strong to trigger the morphological changes of the block
copolymer micelles. Based on this observation along with
other data, we attributed the vortex-induced fluorescence
decrease to the aggregation and/or precipitation of the
DiO and Dil dyes that are released into the aqueous
phase.
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3.5 | Correlation between rotational
speed and rate of spectral change

Finally, the correlation between the rotational speed and
the rate of spectral change was investigated. In these
experiments, we focused on the DiO/Dil/PEG-b-PLA
block copolymer micelles. This was because the use of
the donor/acceptor pair provides more information in
terms of the colocation of Dil and DiO dyes, even though
the micelles containing only one of these dyes also
showed the decrease in the fluorescence intensity upon
vortexing.

Figure 5 presents the fluorescence intensity of the
DiO/Dil/PEG-b-PLA micelle samples that are subjected
to vortexing at different speeds for 5 min. As it is shown,
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FIGURE 5 Fluorescence emission intensity of DiO/Dil/PEG-
b-PLA block copolymer micelle samples that are subjected to
vortexing at 0, 500, 750, 1000, 1250, 1500, 1750, 2000, 2250, 2500,
2750, and 3000 rpm for 5 min. Excitation wavelength: 425 nm.
Emission wavelength: 567 nm
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FIGURE 4 Size distribution of the DiO/Dil/PEG-b-PLA block copolymer micelles a) before (n = 91) and b) after (n = 180) being
subjected to vortexing at 3000 rpm for 5 min on transmission electron micrographs
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the fluorescence intensity noticeably decreases upon the
5 min of vortexing at 1000 rpm and higher speed,
whereas vortexing at 750 rpm or lower speeds does not
significantly affect the fluorescent properties of the
micelles. Between 1000 and 1750 rpm, the amount of
fluorescence intensity change varied in a rotational
speed-dependent manner. These observations suggest
that the decrease of the fluorescence intensity occurs only
when the mechanical stresses are above a certain thresh-
old value. The effect reached a plateau when rotational
speeds exceeded 1750 rpm.

The rate of vortex-induced fluorescence intensity
change was studied by measuring the fluorescence spec-
tra of the micelle samples that were subjected to
vortexing over different durations. As shown in Figure 6,
the fluorescence intensity decreased as the duration of
vortexing increased. The data points were fitted by using
Equation (1):

I=Ae™*+B (1)

where I is the fluorescence intensity at each time point,
t is time;,r is a rate constant, and A and B are fitting
parameters. The rate constants (z) that were extracted
from the fitting are 4.23 and 1.46 min~" for the rotational
speeds at 1500 and 3000 rpm, respectively, showing that
the fluorescence intensity decreases at a faster rate as the
rotational speed increases. It was also noteworthy that a
clearly noticeable decrease in the fluorescence intensity
could be observed after as little as 30 s of vortexing at
3000 rpm.
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FIGURE 6 Time course of fluorescence emission intensity of
DiO/Dil/PEG-b-PLA block copolymer micelle samples that are
subjected to vortexing at 3000 rpm (square, blue) and 1500 rpm
(triangle, orange) over 10 min. Excitation wavelength: 425 nm.
Emission wavelength: 567 nm [Color figure can be viewed at
wileyonlinelibrary.com]
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4 | CONCLUSIONS

In this work, we investigated the effect of vortex-
induced mechanical stresses on the fluorescent proper-
ties of dye-containing block copolymer micelles. The
dye-containing micelle dispersion samples showed a
decrease of the fluorescence intensity upon vortexing at
1000 rpm or higher speeds, while the micelles are highly
stable in static conditions. The TEM analysis showed
that the vortex-induced mechanical stresses could
induce morphological changes of the micelles. The
results also showed that the vortex-induced mechanical
stresses can alter the fluorescent properties of the dye-
containing PEG-b-PLA block copolymer micelle disper-
sions in a rotational speed and time-dependent manner.
Building upon the current findings, we are envisioning
to develop a library of block copolymer micelles with
different mechanical stress-responsive profiles that
would meet various requirements in application
settings.
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