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PEGylated gene carriers in serum under shear
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The behaviour of drug/gene carriers in the blood stream under shear is still a puzzle. In this work, using
the complexes formed by 21 bp DNA and poly(ethylene glycol)-b-poly(L-lysine) (PEG-PLL) of varying
PEG lengths, we studied the dynamic behaviour of the complexes in the presence of fetal bovine serum
(FBS) and under flow at different shear rates, a condition mimicking the internal physical environment
of blood vessels. The PEGs,-PLL/DNA complex possesses a dense DNA/PLL core and a loose PEGs
protecting layer. The PEGylated DNA complexes exhibit multiple responses to external shear in the
presence of FBS. The loose PEGsy layer is firstly disturbed at a shear rate below 30 s~!. The exposure of
the charged core to the environment results in a secondary aggregation of the complex with FBS.
The size of the aggregate is limited to a certain range as the shear rate increases to 50 s—*. The dense
DNA/PLL core starts to withstand the shear force as the shear rate reaches 500 s™. The reorganization of

Received 5th December 2019, the core to accommodate more serum molecules leads to tertiary aggregation of the complexes. If PEG

Accepted 19th January 2020 cannot form a valid layer around the complex, as in PEG,-PLL/DNA, the complex forms an aggregate
even without shear, and the first shear dependent region is missing. If the PEG layer is too stable around

the complex, as in PEGyqc-PLL/DNA, no tertiary aggregation occurs. The mechanism of shear on the
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Introduction

Gene carriers, including viral and non-viral vectors, have been
developed to treat incurable diseases, such as cancer and
hereditary diseases."® A polycation, as a classic non-viral vector,
can condense nucleic acids via electrostatic interaction and protect
them from degradation under physiological conditions.”™” In
consideration of many unfavourable physiological obstacles, the
properties of the complexes formed by polycations and nucleic
acids need to be designed carefully. For example, the carriers are
generally coated with a layer of polyethylene glycol (PEG) to
increase the circulation time in the blood stream and to lower the
toxicity">'®'° A ligand is introduced on the surface of the carrier to
achieve targeting to specific cells.>**' The +/— charge ratio of the
complex is larger than unity to facilitate the interaction with the
negatively charged cell membrane.””>® Moreover, the size and
shape of the particles,**?® the structure of the polycations,***°
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behaviour of delivery particles in serum helps to design gene carriers with high efficacy.

and other parameters are able to enhance the performance of
the carriers. However, it is still hard to establish a definite
relationship between the physicochemical properties of the
carrier and the transfection efficacy in vivo. One reason for this
is that the behaviour of the carrier is hard to monitor and
predict in a biological system, which is complicated and always
far from thermodynamic equilibrium.

After being administrated intravenously, the gene carriers
firstly encounter the blood stream. It is reported that the positively
charged carriers form large aggregates with the components in
the serum, deteriorating the therapeutic performance.*'=?
Moreover, the shear force caused by blood flow also exhibits
a strong effect on the shape and structure of the administrated
particles. In a healthy body, the shear rate of blood flow ranges
from 20 s~* to 2000 s~*, and it can reach up to 10> s* in some
extreme conditions, like in patients with carotid stenosis.>*"** It
has been reported that some serum components are sensitive
to blood flow. For example, the unfolding of von Willebrand
factor, which is related to platelet aggregation and thrombus
formation, is induced by shear.’>*® Both experiments and
theoretical studies have been applied to understand the micro-
mechanics and to predict the behaviour of particles under
shear stress.>” *! Zanina et al. reported that a swollen hydrogel
was deformed and it released water in silicon oil under shear.*”
The breakage of large vesicles in shear flow was observed by
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Pal et al.*® Theoretical studies showed that soft, elastic particles in
an unbounded simple shear flow exhibited steady-state, trem-
bling, or tumbling depending on the shear rate, elastic shear
modulus, and initial particle shape.***° Takeda et al. reported
that the structure of the polyplex micelles formed by nucleic acids
and polycations was deteriorated when exposed to shear stress,
which lowered the delivery efficiency.'> The micelles formed by
the block copolymer of PEG with either poly(e-caprolactone) or
poly(p,i-lactide) quickly dissociated in the presence of serum
under blood shear flow.*> In previous work, we investigated the
effect of shear force on the complex formed by DNA with K20
(K: Lysine), protamine, and poly(t-lysine) (PLL), separately, in the
presence of serums.*® A critical shear rate exists for each system.
Below the critical value, the shear mainly shows stirring effects,
leading to the secondary aggregation of complexes; while it serves
as a mechanical force to break down the complex into smaller size
particles above the critical value. A model study indicates that the
critical shear rate is related to the surface tension, the chain
density, and the elasticity of the complexes.**

As mentioned above, the gene carriers are generally coated
with a protecting layer, such as PEG,'®*"** sugar molecules,"***
or zwitterions,*®*® to prevent the aggregation in the blood
stream. Compared with the dense core of the carrier, the
protecting layer generally possesses a lower chain density and
surface tension. Therefore, the dynamics of the protecting layer
in the shear flow should be different from the core of the carrier.
Knowing the behaviour of such carriers in the blood stream is
crucial to reveal at least partially the parameters affecting the
transfection efficiencies in vivo. It is also helpful to design the
gene carriers capable of overcoming the barriers in the blood
stream. In this work, using the complexes formed by PEG-PLL
and DNA as an example, we systematically study the effect of
shear on the structure of the complexes with a protecting layer.
A rheometer with a double-gap Couette is used to mimic the
physiological conditions in the blood stream and apply shear
stress on a DNA complex in the presence of serum. Laser light
scattering (LLS) is employed to study the size and dynamics of
the DNA complex after shear treatment. Compared to that of the
complexes without a PEG layer, the behaviour of PEG-PLL/DNA
is more complicated when exposed to flow at different shear
rates. The loose PEG layer is disturbed at a lower shear rate,
while the critical shear rate for the dense core of the complex is
much higher. Therefore, the complex undergoes a sequence of
secondary aggregation, breaking into small size pieces, reorga-
nization, and tertiary aggregation with increasing shear rate
from 30 s to 3000 s—*. These behaviours also depend on the
length of PEG. Besides, the shear time exhibits a similar effect to
the shear rate.

Materials and methods
Materials and sample preparation

mPEG-NH, samples with different molecular weights (2k Da,
5k Da and 10k Da) were purchased from Shenzhen Meiluo
Technology Co., Ltd (China). PEG-PLL was synthesized by
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following a known procedure.*® PEG-PLL(Z) was obtained from
the ring-opening polymerization of Lys(Z)-NCA using PEG-NH,
as an initiator, and then PEG-PLL was obtained by the depro-
tection of PEG-PLL(Z) using HBr/HAc. The successful synthesis
of PEG-PLL(Z) and PEG-PLL was validated by proton NMR
spectroscopy. The average number of lysine was determined
to be 22 £+ 1. The resulting copolymers are thus named as
PEG,,-PLL, PEGs-PLL, and PEG,q-PLL. Fetal Bovine Serum
(FBS) was purchased from M&C Gene Technology Ltd. (Beijing,
China). Dulbecco’s phosphate-buffered saline (DPBS) and
complementary 21 nt oligonucleotide strands with random
sequence were purchased from Invitrogen Inc (Shanghai, China).
Stock solution of 21 bp oligonucleotide at 1.0 x 10™% g mL™" was
obtained by mixing the complementary strands with a stoichio-
metric ratio in DPBS buffer, heating to 95 °C for 5 min, and
then annealing to room temperature. All PEG-PLL samples
(0.1 ¢ L™Y), DNA (0.5 g L"), and 10% FBS were prepared in
DPBS buffer and stored at 4 °C prior to use. Known amounts of
DNA solution were added to the PLL-PEG solution (1.0 mL) to
obtain the complex at different +/— ratios (+/— ratio, the molar
charge ratio, stands for the number of positively charged amino
groups from all the polycations to the number of negatively
charged phosphate groups from all the dsDNA). The moment of
mixing is set as the starting point. To prepare the complex/FBS
aggregates, the complex was gently shaken for 30 seconds
and equilibrated for 30 minutes before mixing with the same
volume of 10% FBS. All the reagents including FBS were filtered
to remove dust before mixing.

Polyelectrolyte complexes/FBS aggregates under shear

Shear stress was generated by an MCR301 rheometer
(Anton Paar, Graz, Austria) equipped with double-gap Couette
geometry. The mixture of DNA complex and FBS solution was
loaded into the Couette and treated under steady shear at a
chosen shear rate for a known time period. Dust was removed
from all the reagents and Couette beforehand. The sample was
taken out using a pipette for AFM and LLS experiments at
specifically chosen time points.

Laser light scattering (LLS)

A commercialized spectrometer from Brookhaven Instrument
Corporation (BI-200SM Goniometer, Holtsville, NY) was used to
perform both static light scattering (SLS) and dynamic light
scattering (DLS) over a scattering angular range of 20-150°.
A vertically polarized, 17 mW He-Ne laser (Research Electro
Optics, Inc. Colorado, USA) operating at 633 nm was used as the
light source.

In static light scattering (SLS), the angular dependence of
the excess absolute time-averaged scattered intensity, known
as the Rayleigh ratio R, (0) (0 is the angular degree), was
measured. For a very dilute solution, the weight-averaged molar
mass (M,,) and the root mean-square radius of gyration (R,) can
be obtained on the basis of the equation:

HC 1 1
=

1n220
™) I+3Rg ) +24,C (1)
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where H = 4n°n’(dn/dc)*/(Na/2*) and q = 4nn/J sin(0/2) with Ny,
n, dn/dc, and 4 being Avogadro’s number, the solvent refractive
index, the specific refractive index increment, and the wave-
length of light in a vacuum, respectively. If the system contains
more than one component, eqn (1) is not applicable to deter-
mine the molecular weight. The excess scattered intensity I.x is
used instead to show the formation of larger size aggregates.
The I at angle 0 is calculated by

15(0) — 10(6)

Iex(e) = [t(e) (2)

with I4(0), I,(0), and I(0) being the scattered intensity from the
solution, the solvent, and toluene, respectively. I« at 30° is used
for comparison if the sample changes with time.

In dynamic light scattering (DLS), the intensity-intensity time
correlation function G®(1) in the self-beating mode was measured.
A correlation curve is obtained in 1 minute. A Laplace inversion
program, CONTIN, was used to process the data to obtain the line
width distribution and the diffusion coefficient D. The diffusion
coefficient can be further converted into the hydrodynamic
radius Ry, by using the Stokes-Einstein equation:

kgT
= 3
6mn Ry 3)

where kg, T, and 7 are the Boltzmann constant, the absolute
temperature, and the viscosity of the solvent, respectively.

Atomic force microscopy (AFM)

AFM measurements were conducted in the ScanAnalyst-Air
mode on a Dimension Icon Atomic Force Microscope (Bruker,
USA). The data were collected in air by a commercial silicon tip
(SI-DF3, Seiko instruments Inc.). 20-30 pL of the sample solution
was deposited and kept standing for 40 seconds on a fresh mica
surface. The excess solution was then blotted away with a strip
of filter paper, and the mica surface was washed with 30-40 pL
of deionized water to remove the salt. The sample was air-dried
for one day before AFM experiments.

Results and discussion
PEG-PLL/DNA complexes and their behaviour in FBS

The polycation-based gene carrier generally exhibits prominent
transfection efficiency when the +/— ratio of the complex is
above 5 or higher, under which condition the electrostatic
interaction between the complex and the membrane facilitates
the cellular uptake.>* We firstly chose PEG5-PLL and studied
the stability of DNA complexes at +/— ratios of 5, 10, and 20,
separately. At all the studied charge ratios, the complexes
undergo a slow aggregation process with time, as demonstrated
by the excess scattered intensity I.x (Fig. 1A). The appearance
of a bi-modal distribution (Fig. 1B-D), with a larger peak
(+/— = 10, 20) or both peaks (+/— = 5.0) representing the
aggregates, also confirms this conclusion. The aggregation
process is also dependent on the charge ratio. The complex
at +/— =20 is relatively more stable than that at +/— ratio of 5 or
10, as indicated by the weaker growth of the size and the excess
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Fig. 1 PEGs-PLL/DNA complex at different +/— ratios. Time dependence
of Iox (A), size distributions of the complex at +/— ratios of 5 (B), 10 (C), and
20 (D). Scattered angle: 30°.
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scattered intensity under the same conditions. These results
suggest that the protection of the complex from further aggrega-
tion by hydrophilic PEG corona is highly dynamic. The protec-
tion is more effective if the amount of PEG is large enough, e.g.
at +/— = 20. This conclusion is further supported by the stability
of the complexes formed by DNA and PEG-PLL of varying PEG
lengths. At fixed +/— = 20, PEG,ox-PLL offers the best protection
on the DNA complex, as demonstrated by the smallest and yet
stable size (Fig. 2c), as well as the excess scattered intensity
(Fig. 2d). In contrast, the PEG,-PLL/DNA complex, which is
insufficiently protected by short PEG chains, exhibits a fast
increase in size (Fig. 2a) and in excess scattered intensity
(Fig. 2d) due to the formation of aggregates.

The complex at +/— = 20 is chosen for the following studies.
We firstly investigate their behaviour in the presence of serum.
5% serum itself exhibits multi-modal distribution with the size
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Fig. 2 Time dependence of size distribution of the complexes formed by
DNA with (a) PEG,,-PLL, (b) PEGs,-PLL, and (c) PEG;ok-PLL, as well as the
changes in lex (d). Charge ratio +/— = 20, scattered angle: 30°.
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Fig. 3 LLS results on the PEG—-PLL/DNA complexes in the presence of
5% FBS. Time dependence of the excess scattered intensity (a) and size
distribution of complex formed by DNA with PEG-PLL (b), PEGs-PLL (c), and
PEGyok-PLL (d), separately. (e) The size distribution of 5% FBS, and (f) the
comparison of the excess scattered intensity of 5% FBS, and the complexes
formed by different PEG—PLL. The +/— ratio of the PEG-PLL/DNA complex is
20. Scattered angle: 30°.

below 20 nm (Fig. 3e). It is reasonable because the serum contains
a variety of components other than albumin. The association or
aggregation of the components, which is more severe at high
concentrations, leads to a multimodal size distribution.*® When
FBS is mixed with the complexes, the negatively charged compo-
nents in serum, such as albumin, can further interact with the
complex if it is not well protected. Since the corona formed by
PEG, is not sufficient to ensure even the stability of PEG,,-PLL/
DNA complex itself (Fig. 2), larger size aggregates are formed
instantly in the presence of FBS. The peaks corresponding to free
serum components disappear and the Ry, of the aggregates
reaches about ~470 nm in 4 h (Fig. 3b). The I, increases in the
first two hours and then starts to decline due to the formation
of precipitates (Fig. 3a), a typical behaviour of the PLL/DNA
complex interacting with serum components.” The PEG;-PLL/
DNA complex is well-protected by the long chain PEG,q and no
prominent aggregation is formed in serum (Fig. 3d), which is
further demonstrated by the weak yet stable I, (Fig. 3a and f). The
PEG;5,-PLL/DNA complex is also stable in the presence of 5% FBS.
The I exhibits a limited increase (Fig. 3f) and the size distribu-
tion is relatively stable in the studied time period (Fig. 3c).

PEGs;,-PLL/DNA complex at different shear rates

The behaviour of the complexes in the presence of FBS is quite
sensitive to shear rate. Using the PEG5,-PLL/DNA/FBS complex
as the sample, we treated it for 2 h at different shear rates
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ranging from 30 s~ to 3000 s, and then studied the changes
by LLS. The shear rate dependence of the excess scattered
intensity is shown in Fig. 4. The curve can be divided into three
regions: (i) the increase of intensity at j <50 s™; (ii) the relatively
stable region with low intensity at 70 s™' < 7 < 500 s™'; and
(iii) the secondary increase of intensity at j > 500 s~ .

The size distributions at different shear rates are compared
in Fig. 5. The PEG5,-PLL/DNA complex in the presence of the
serum exhibits a multimodal distribution when sheared at
30 s for 2 h. Besides the serum (two small peaks with size
below 20 nm) and the aggregates of PEG5-PLL/DNA with serum
(around 100 nm), an extra mode with a size of around 500 nm is
observed in the system (Fig. 5a), which indicates the formation
of another kind of aggregate. The size of this giant aggregate is
almost doubled when the sample is treated at 50 s~* for 2 h
(Fig. 5b). Meanwhile, the peaks around 10 nm and 100 nm are
largely reduced, suggesting that the giant aggregates result
from further interaction between the complex and serum. Since
the excess scattered intensity is proportional to the sixth power
of the particle size, the change in the size and the ratio of the
giant aggregate accounts for the sharp increase in the excess
scattered intensity (Fig. 4). At 70 s~ ', however, the size of the
giant aggregate reduces to 360 nm, while the other one is only
30 nm (Fig. 5¢). The ratio of the giant aggregate also decreases.
Both results explain the declination of the excess scattered
intensity. The size distributions are similar at a shear rate
ranging from 70 s~ to 500 s~ (Fig. 5¢c—e). By further increasing
the shear rate to 1000 s or 3000 s ', the giant aggregate
increases again at the cost of the smaller size components
(Fig. 5f and g). The shear rate dependence of the size distribu-
tion is in agreement with that of the excess scattered intensity
in this stage (Fig. 4).

This journal is © The Royal Society of Chemistry 2020
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AFM experiments were conducted to determine the
morphologies of the PEG5,-PLL/DNA/FBS complexes after being
sheared for two hours. The complexes and their aggregates
exhibit mainly an aspheric shape after being dried on the mica
surface. The spheres could further aggregate into clusters,
e.g. at 30 s~ ' or 200 s '. With increasing § from 30 s to
50 s, the size or height of the complexes sharply increases
(Fig. 6a and b). As the shear rate increases for the second
region, e.g., 200 s, the average size of the aggregates decreases
(Fig. 6¢). When 7 reaches 1000 s~ ', the average size of the
particles increases again in the system (Fig. 6d). The particle
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Paper

size as determined by AFM in each region is in accordance with
the LLS result (Fig. 4).

Effect of shear time

The effect of shear could be controlled not only by shear rate,
but also by shear time. Both DLS and AFM images show that the
treatment of the PEG5,-PLL/DNA/FBS complex at 50 s for 2 h
yields a peak excess scattered intensity and a maximum size
(Fig. 4 and 6). Fixing the shear rate at 50 s™', we treated the
PEGs;,-PLL/DNA/FBS for 1 h and 4 h, separately. Interestingly, the
size of the giant aggregate shrinks after both the 1 h treatment
(Fig. 7a) and 4 h treatment (Fig. 7c). The decrease in the excess
scattered intensity also confirms this conclusion (Fig. 8a). These
results suggest that at least two parameters with the opposite
effect on the aggregation of the complexes exist under shear.

The size and the excess scattered intensity of the PEG5-PLL/
DNA/FBS complex after being sheared for 2 h is low in the
70 s7' < j < 500 s~ region (Fig. 4). The complex treated at
200 s~ is also chosen to study the effect of the shear time.
Results show that the complex exhibits a larger size (Fig. 7d
and f) and higher excess scattered intensity (Fig. 8b) as the
shear time is shortened to 1 h or increases to 4 h, in contrast to
the behaviour at 50 s

AFM images show similar results as LLS. Compared with the
particle treated for 2 h, the size or height of the particles are
larger or in a fused state after being treated for 1 h or 4 h at
200 s~ (Fig. 9d-f), while the opposite trend is observed at
50 s~ ' (Fig. 9a-c). The plot of the excess scattered intensity
versus shear rate (Fig. 4) clearly indicates that longer shear time
generates similar effects to higher shear rate, as indicated by
the grey arrows, while a shorter shear time generates a similar
effect to the lower shear rate, as indicated by the blue arrows.

Effect of PEG chain length

Since the length of PEG is closely related to the stability of the
PEG-PLL/DNA complex in serum (Fig. 3), it is a key parameter
determining the behavior of the complex under shear. The
PEG,,-PLL/DNA complex itself is not stable in the presence of
serum because of the insufficient protection by the short length
PEG (Fig. 3a and b). When shear is applied, the large aggregate

1000 s

2 \
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Region || =— | «—— Region |l —>
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Fig. 6 AFM images and the corresponding height profile (inset) of PEGs,-PLL/DNA/FBS after shearing for 2 h at (a) 30 s~ (b) 50 s~ (c) 200 s7%,

(d) 1000 s~ Scale bar: 500 nm.
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Fig. 9 AFM images and the corresponding height profile (inset) of PEGsy-
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breaks down (Fig. 11a) even at very low shear rate ( = 30 s ).
The size of the aggregate remains constant and then starts to
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decrease at 200 s~ '. It reaches the minimum at 1000 s™* and

begins to increase (Fig. 11b—f). The plot of I, which sharply
drops at the beginning, becomes relatively stable at the inter-
mediate region, and increases after 1000 s~ " (Fig. 10), which
agrees with the changes in size. Compared with the three
regions of the PEG;,-PLL/DNA complex at different shear rates
(Fig. 4), only the last two regions are observed in the PEG,-PLL/
DNA complex since it already forms large aggregates at the
initial conditions.

In the case of the PEG;q-PLL/DNA complex, which is well
protected by the long chain PEG;y, only the first two regions
are observed in the studied shear rate range. Similar to the
behaviour of the PEG5)-PLL/DNA complex, the PEG;-PLL/DNA
complex forms aggregation as the shear at 30 s~ ' is applied
(Fig. 11h). As the shear rate increases, the ratio of FBS con-
tinually decreases accompanied with an increase of the aggre-
gate (Fig. 11h-k), suggesting that more serum components
form aggregates with the PEG;y-PLL/DNA complex. The
change in I, (Fig. 10b) also confirms this trend. The first shear
rate region of PEG,-PLL/DNA/FBS prolongs to j = 200 s,
much broader than that of PEG5;,-PLL/DNA/FBS. At shear rates
above 200 s™', the PEG;q-PLL/DNA/FBS system enters the
second region, in which both I., and the size of the aggregates
exhibit a sharp decrease and then become relatively stable. No
onset is observed even at 3000 s~ .

The morphologies of the PEG,-PLL/DNA complex and
PEG;ok-PLL/DNA complex in the presence of FBS after being
sheared in different regions are also determined by AFM. Most
of them are in spherical shapes, while the ellipsoidal aggregates
are also observed (Fig. 12). For PEG,,-PLL/DNA/FBS, the parti-
cle size decreases with increasing shear rate at a lower shear
rate region, and a slight recovery of the particle size occurs at an
extremely high shear rate (Fig. 12a-c). In the case of PEG, -
PLL/DNA/FBS, the size of the aggregates increases with the
shear rate in the first region (Fig. 12d and e), and an opposite
trend is observed with further increasing shear rate even to
3000 s~ in the second region (Fig. 12f).

Mechanism of shear effect on DNA complex

Our previous study on the PLL/DNA complex demonstrated that
the shear generates two effects: a mechanical force to break
down the complex into smaller size particles above a critical
shear rate and a stirring effect leading to secondary aggregation
of complexes below the critical shear rate.** The critical shear

This journal is © The Royal Society of Chemistry 2020
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3

rate is determined by the intrinsic property of the particle,
especially the density, surface tension, and viscoelasticity. The
PEG-PLL/DNA complex is different from the PLL/DNA complex
in that the former contains a dense PLL/DNA core and a loose
PEG protecting layer. The core and the layer respond differently
to the shear rate/shear time. The PEG-PLL/DNA complex can
further form aggregates in serum if the PEG corona or the dense
PLL/DNA core is disturbed or deformed. Moreover, the size of
aggregates is also sensitive to the shear rate. Therefore, for either
the corona or the core, there exist two critical shear rates: one
starts to disturb the corona/core and the other limits the formed
aggregate to an optimal size. The dependence of shear time is
due to the viscoelasticity of complexes or aggregates.

The PEG;,-PLL/DNA complex exhibits three regions in the
presence of serum with increasing shear rates. As schematically
shown in Fig. 13, the outer PEG layer firstly experiences from a
mechanical force along the streamline as the shear is applied.
The critical shear rate to disturb the loose PEGs layer could be
very low, below 30 s~ ', which is not determined in this study.

This journal is © The Royal Society of Chemistry 2020

Paper

The disturbance of the PEG protecting layer partially exposes
the DNA/PLL core to the environment full of serum (Fig. 13a).
A secondary aggregation (Fig. 13b) occurs. The serum mainly
interacts with the complex at the interface between the core and
the corona at this stage. The increase in the size continues until
the shear rate reaches another critical value to prevent the
aggregate from growing. The critical shear rate for the PEGsy
-PLL/DNA complex is 50 s !, after which the size of the
aggregates is limited to a smaller value in this region. Shear
force could change the shape of the particles. The degree of
deformation is proportional to the capillary number C, = #)/G,
where 7 is the shear viscosity of fluid and G is the shear elastic
modulus of particles. Thus, further increasing the shear rate or shear
time results in heavy deformation of the complex particles.>* The
dense DNA/PLL core starts to withstand the shear force as the shear
rate reaches a critical value, which is about 500 s~* for the PEG-
PLL/DNA complex. The relaxation of the DNA or PLL inside the
complex releases the unneutralized segments or loops induced by
shear, which results in further aggregation not only between the
serum and the complex, but also between different complexes.
Together with a full exposure of the entire core to the environment,
heavy aggregation occurs again (Fig. 13d). By further increasing the
shear rate to a certain value, the size of the aggregates should
decrease due to its limitation effect. This shear rate value is more
than 3000 s~*, beyond the range of the rheometer.

The PEG,,-PLL/DNA complex forms large aggregates with the
serum due to the insufficient protection of PEG,,. Therefore,
the initial stage of the PEG,-PLL/DNA complex starts from the
beginning of the second stage (Fig. 13b) as the shear is applied.
In contrast, the PEG;q-PLL/DNA complex is well-protected by
PEG; ok in serum. The disturbance of PEG;q. corona which
results in the formation shown in Fig. 13b occurs at a higher
shear rate. Therefore, the first shear rate dependent region is
prolonged in the PEG;q-PLL/DNA/FBS system. Since PEG;y is
much longer than the length of DNA, which is only 21 bp,
the DNA/PLL core in the PEG;q-PLL/DNA complex is close to
equilibrium due to the interference of PEG;q.. No prominent
aggregation (Fig. 13d) occurs as the core is disturbed. Therefore,
the third region goes missing. As 21 bp DNA is replaced by the
long chain salmon DNA (~2000 bp) to enhance the DNA/PLL
core, three regions are clearly observed in the studied shear rate
range (Fig. S1 and S2, ESIY).

The shear treatment disturbs the PEG corona at a lower
shear rate and the cores of the complex at a higher shear rate,
both of which deteriorate the stability of the PEG-PLL/DNA
complex in FBS. Precipitates are generally observable within
24 h after shear treatment, especially for the complexes
protected by shorter length PEGs. Since the shear treatment
also changes the density and morphology of the complex, the
evolutional change of the complex in the short time after treat-
ment is also shear rate dependent. For example, the sizes of the
PEG;-PLL/DNA complex and its aggregates are larger in FBS 2 h
after the treatment at all the studied shear rates (Fig. S3, ESIT).
However, I, increases in the first region (j < 50 s '), becomes
relatively stable in the second region (70 < j < 500 s~ '), and
decreases in the third region (y > 1000 s~ ') (Fig. S4, ESIf),
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suggesting that the complexes disturbed by PEG corona start to
precipitate right after the shear stops, while the complexes that
experienced from higher shear relax to a certain extent before
forming precipitates.

Conclusions

The complex formed by PEG-PLL and ds-DNA exhibits multiple
responses to external shear in the presence of serum. We

2308 | Soft Matter, 2020, 16, 2301-2310

attribute it to the featured core-corona structure of the PEG-
PLL/DNA complex. The loose PEG corona is disturbed at a lower
shear rate/shear time. The exposure of the charged core to the
environment results in the secondary aggregation of the
complex with serum. The large aggregates are broken down
into small size pieces as the shear rate increases. With further
increasing of shear rate to a certain level, the dense core is
forced to reorganize to accommodate more serum molecules,
which leads to tertiary aggregation of the complexes. If PEG
cannot form a protecting corona around the complex, the first

This journal is © The Royal Society of Chemistry 2020
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region is missing. If the PEG corona is too stable, the last region
is missing.

Our study demonstrates that the shear force determines the
dynamic behaviour of gene carriers in the serum. The respon-
siveness of the gene carrier to the shear is related to the
components and the structure of the carriers. On the one hand,
the gene carries generally contain multiple components and they
are fabricated into an intricate structure to overcome the obstacles
along the delivery pathway; on the other hand, the shear rate in the
blood stream in the human body covers a broad range, from 20 s~
to 2000 s, and is also specific to the individual. Therefore, the
behaviour of the gene carriers in the blood vessels could be
extremely complicated. Cross-linking the carrier through chemical
bonds is an option to be free of a shear response. However, the
introduction of cross-linkers, which could be toxic, and the
breaking of the chemical bond upon releasing the cargo at
the target site are extra concerns. The problem of designing a
gene carrier which can safely go through the blood stream
without reducing its transfection efficiency is still a challenge.
Nevertheless, the responsiveness of the carrier to the shear rate
offers an opportunity to target the carrier to certain tissues or
organs if it has a specific blood flow rate.
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