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Deformability of micro/nanometer sized particles plays an important role in particle-cell interactions and
thus becomes a key parameter in carrier design in biomedicine application such as drug delivery and
vaccinology. Yet the influence of material’'s deformability on the cellular fate of the particles as well as
physiology response of live cells are to be understood. Here we show the cellular fate of needle shaped
(high aspect ratio ~25) PLGA-PEG copolymer fibers depending on their deformability. We found that all
the fibers entered murine macrophage cells (RAW 264.7) via phagocytosis. While the fibers of high appar-
ent Young’s modulus (average value = 872 kPa) maintained their original shape upon phagocytosis, their
counterparts of low apparent Young’s modulus (average value = 56 kPa) curled in cells. The observed de-
formation of fibers of low apparent Young’s modulus in cells coincided with abnormal intracellular actin
translocation and absence of lysosome/phagosome fusion in macrophages, suggesting the important role
of material mechanical properties and mechano-related cellular pathway in affecting cell physiology.
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Statement of Significance

Particles are increasingly important in the field of biomedicine, especially when they are serving as drug
carriers. Physical cues, such as mechanical properties, were shown to provide insight into their stability
and influence on physiology inside the cell. In the current study, we managed to fabricate 5 types of
needle shaped PLGA-PEG fibers with controlled Young's modulus. We found that hard fibers maintained
their original shape upon phagocytosis, while soft fibers were curled by actin compressive force inside
the cell, causing abnormal actin translocation and impediment of lysosome/phagosome fusion, suggesting
the important role of material mechanical properties and mechano-related cellular pathway in affecting
cell physiology.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Introduction

Physical attributes of particles have recently emerged as impor-
tant parameters in determining their cytotoxicity as well as de-
signing them for various bio-applications such as drug delivery
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and bio-sensing. These attributes, including the size [1-3], sur-
face charge [4] and chemistry [5,6], shape [7-12], and mechani-
cal properties [13], not only determine the cellular fate of parti-
cles, but also affect the physiology of the cells [14]. Among them,
the size, shape and surface charge/chemistry effect have been well
documented in the literature [11,15-17] since advances in parti-
cle synthesis [18] have facilitated systematic studies that investi-
gate their influence as being drug carry. Beyond these researches,
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less progress have been made on how mechanical properties of the
particles affect their interaction with the cells, even though me-
chanical property of bulk material in other field is well understood,
especially in tissue engineering [19].

In fact, cells have been known to have mechano-sensors and
pathways for specific physiological processes [20,21]. One repre-
sentative example is the anchoring of particles to the cell mem-
brane to trigger cellular uptake. It has was reported that the
stiffer particles with compressive modulus of 155.7 kPa resulted
in stronger obstacle on the cell adhesion ability than the softer
particles of 16.7 kPa [22]. After anchoring, the cellular uptake was
reported to also depend on the particles’ mechanical properties.
One of the most obvious express of particles’ mechanical proper-
ties is their deformation, whether particles undergo deformation
provides insight into their stability and the potential mechanism
of action inside the cell [23], especially when serving as drug car-
riers. Softer particles are more likely to deform under pressure
during the uptake process [24-26]. For example, preferable inter-
nalization in macrophage cells were found by using nanoparticles
with Young’s modulus of 3000 kPa vs. those of 10 kPa, as the later
ones tend to deform in such a way that the particle’s radius of
curvature changes in the direction normal to the cell membrane,
avoiding uptake by macrophage [27]. This feature associated with
the softer nanoparticles lead to their longer circulation half-life
in blood stream [27,28] to achieve “stealth” to macrophage. The
more difficult cellular uptake of softer nanoparticles is understood
by the larger adhesion energies needed to complete the mem-
brane wrapping during endocytosis in simulation models [29,30].
However, opposite conclusion has been drawn from a recent work
of pickering emulsion droplets with force-dependent deformation
property, when enhanced cellular uptake and thus immune re-
sponse was identified due to the droplets were deformed by the
cellular wrapping to enlarge the contact zone with cellular mem-
branes that triggered three-dimensional multivalent interactions
with antigen-presenting cells, and subsequently stimulated potent
innate and adaptive immune responses [31]. All of the scattered re-
sults aroused the importance of understanding particles’ mechani-
cal properties effect on cells for bioapplications.

In this study, the cellular fate of needle shaped Poly (lactic-
co-glycolic acid, LA:GA=1:1) polyethylene glycol (PLGA-PEG) fibers
and the physiological responses of the cells were investigated by
studying their interaction with the murine macrophage RAW 264.7
cells. In traditional studies, the used spherical shaped particles
suffered from the difficulty in observation of deformation in op-
tical means. Thus needle shaped fibers in this study was an-
other solution due to their length is larger than the optical res-
olution. Apparent Young’s modulus is a physical parameter com-
monly employed to describe the deformability of materials in the
elastic regime. Here we manipulated the apparent Yong’s mod-
ulus by varying the PLGA molecule chain length in the com-
posite, then applied nano-precipitation/solvent diffusion method
and stretching method to turn the PLGA-PEG polymers to fiber
shape. We used AFM to measured their apparent Young’s modu-
lus and confirmed their mechanically inhomogeneous. After incu-
bating with cells, we observed distinct features of the intercellu-
lar trafficking of the fibers. Consistently, the cells showed different
physiological responses upon the fibers’ internalization. In partic-
ular, we observed deformation of the softer (average value = 56
& 142 kPa) PLGA-PEG fibers when being trapped inside actin-
bounded vesicles, which was absent in the case of harder (aver-
age value = 246, 434 & 872 kPa) fibers. This provided us with
a possible in situ method to evaluate the mechanical property of
actin coatings in live cells. On the other hand, the deformation
of the fibers triggered by actin activity suggested a possible pa-
rameter in carrier design for stimuli-responsive intracellular cargo
release.

Experimental methods
Preparation and characterization of needle shaped PLGA-PEG fibers

PLGA-PEG copolymer was firstly synthesized into spherical
shape using the nano-precipitation/solvent diffusion method [32],
the spherical shaped particles were then stretched into needle
shape using the stretching methods [8]. Refer to SI for more in-
formation.

Scanning electron microscopy (SEM, FEI Quanta 400) was used
to obtain the morphology of the needle shaped PLGA-PEG fibers
with the accelerating voltage of 2 kV. Atomic force microscopy
(AFM, Bruker BioScope Catalyst) was applied to measure both the
morphology and apparent Young’s modulus via Peak Force QNM
mode at 37 °C in PBS simultaneously. Fourier-transform infrared
spectroscopy (FTIR, Thermo Nicolet 6700) was used to character.
Dynamic light scattering (DLS, Beckman coulter, Delsa™ Nano)
was used to measure the surface charge and mobility. Gel per-
meation chromatography (K-Alpha, Thermo Scientific) was used to
measure the molecular weight. Photoluminescence (Hitachi P7000)
was applied to verify the conjugation of Nile red inside the fibers,
and to detect the fluorescence intensity of each kind of fibers at
the same concentration. Refer to SI for more information.

Introducing PLGA-PEG fibers to cells

RAW 264.7 (ATCC® TIB-71™) murine macrophage cells were
used in this study. The cells were cultured with Dulbecco’s modi-
fied Eagle’s media (Life technology), supplemented with10 % fetal
bovine serum (Life technology). Cells were grown in a standard cell
culture incubator at 37°C with 5% CO, in a humidified atmosphere.
Cells were allowed to be incubated for 24 hrs before the needle
shaped PLGA-PEG fibers were introduced. All the fibers were ster-
ilized using UV light for 15 min before feeding. The feeding con-
centration of the fibers was always kept at 100 pg/mL unless oth-
erwise specified.

Cellular uptake analysis

The concentration dependent cellular uptake of needle shaped
PLGA-PEG fibers was carried out by feeding RAW 264.7 cells with
the fibers at different concentrations (2.5, 5, 10, 25, 50 and 100
ng/mL) for 3 hrs, cells were then washed twice with PBS and an-
alyzed by flow cytometry with excitation of 488 nm. The time
dependent cellular uptake of needle shaped PLGA-PEG fibers was
measured by flow cytometry after the cells being fed with the
fibers for different time intervals (i.e., 0.16, 0.5, 1, 3, 6, 10 and 14
hrs).

To determine the cellular uptake mechanism of the needle
shaped PLGA-PEG fibers, RAW 264.7 cells were firstly incubated
in serum free medium in the presence of special inhibitors, in-
cluding sodium azide, chlorpromazine, genistein, amiloride and cy-
tochalasin D, whose concentration is given in Table S1 for 3 hrs,
and then co-incubated with the fibers for another 6 hrs, cells were
finally washed twice with PBS, and analyzed by flow cytometry.

Physiological change

All biochemical assays were started from seeding the cells in
96 well plate at the concentration of 5000 cells pre well for 24
hrs, then the needle shaped PLGA-PEG fibers were added for an-
other 14 hrs incubation. Cell membrane perturbation was studied
by LDH release assay (CytoTox 96 Non-Radioactive Cytotoxicity As-
say, Promega), the cytotoxicity caused by the fibers was evaluated
using MTT assay.
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Fig. 1. General characterization of needle shaped PLGA-PEG fibers. (a) schematic diagram showing the fibers’ tunable apparent Young’s modulus; (b) SEM morphology; (c)
AFM height images; and (d) the corresponding Young's modulus mapping. (both (c) and (d) share the same scale bar: 500 nm).

Confocal laser scanning microscopy (CLSM, Leica SP5TCS II) was
used to study the time dependent cellular uptake and intracellular
distribution of the fibers, and the revolution of actin affected by
the fibers. For the former one, cells were stained with Dextran-FITC
(Invitrogen) 1 hr before the feeding of the fibers, then the cells
were collected at different time intervals, fixed with 4% formalde-
hyde, and observed by CLSM (Ex 488 nm, Em: 516 nm for Dextran-
FITC, 650 nm for fibers); for the latter one, the fibers fed cells were
collected at different time interval, fixed with 4% formaldehyde,
permeabilized with 0.1% Triton X-100,and stained with Phalloidin
(Invitrogen), then observed by CLSM (Ex 488nm, Em: 516nm for
Phalloidin, 650 for fibers).

Simulation of actin compressive force

The ABAQUS, finite element analysis (FEA) software, was em-
ployed to simulate the buckling of the PLGA-PEG fiber. The diam-
eter and length of the fiber were set to 200 nm and 5 pm with
ununiformed mechanic distribution, considering the indentation of
the AFM measurement was set to 20 nm, the resulted Young’s
modulus represented the surface mechanics. To simplify the model,
we assume the inner core to be harder and with diameter of 180
nm, the outer layer to be softer and ununiformed, with two 10 nm
thickness layers. The fiber was divided into five sections along axial
direction evenly. Every section of the core was the same in geom-
etry but different in elasticity modulus that varying from 100 to
140 kPa. The outer layers were softer than the core and their elas-
ticity modulus were vary from 5 to 30 kPa. 5% compressive strain

was implemented on the fiber. The fiber buckled due to the ununi-
formed mechanic distribution (Fig. S13).

Statistical analysis

All data are provided as the mean + standard deviation (SD).
For the fibers’ Young’s modulus calculation, Nanoscope software
was used to select the fibers in each frame, then Young's modulus
of each pixel of the fibers were calculated. Their statistical analysis
was performed using the column statistics function in GraphPad
Prism, with confidence interval of 95% to obtain Mean value as av-
erage, Std. Error of Mean as the error, and the minimum and max-
imum number. For flow cytometry analysis, a minimum of 10000
cells per sample was considered. Their statistical analysis was per-
formed using the column statistics function in GraphPad Prism,
with confidence interval of 95% to obtain Mean value as average,
SD as the error.

Results
General characterizations of PLGA-PEG fibers

The molecular weight of PEG was fixed at 5000 Da, while that
of PLGA varied from 95000 to 20000 Da to manipulate the appar-
ent Young's modulus, and eventually the deformability of the fibers
(Fig. 1a). SEM images were taken from the needle shaped PLGA-
PEG fibers (Fig. 1b), revealing their similar morphologies despite of
the different PLGA molecular weight in the respective fibers. The
average diameter of the fibers was ~200 nm, with an aspect ratio
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Fig. 2. Cellular uptake of the PLGA-PEG fibers. (a) CLSM images shows the internalized fibers (Scale bar: 10um); (b) concentration and (c) time dependent cellular uptake
amount of the fibers; (d) LDH release and (e) MTT assay; (f) relative cellular uptake amount with inhibitors.

of ~25. The tip size of the fiber is described using radius of curva-
ture, which is estimated as 150-250 nm in PBS from the respective
AFM images (Fig. 1c).

Mechanical properties of individual needle shaped PLGA-PEG
fibers were measured using AFM. As shown in Fig. 1d, the force
mapping of any single fiber revealed the non-uniform local appar-
ent Young’s modulus. Taken the hardest and softest fiber as an ex-
ample, the former one (Fig. S1a) had a broad distribution of mea-
sured apparent Young's modulus from 200 to 3000 kPa; as a com-
parison, the latter one (Fig. S1b) showed apparent Young's modulus
from ~0 to 300 kPa, but with majority of the fibers having Modulus
< 60 kPa. The average apparent Young’s modules of samples from
hard to soft were measured to be 872, 434, 246, 142 and 56 kPa,
which represented the average apparent Young’s modulus associ-
ated with the overall apparent Young’s modulus values from Gaus-
sian distribution of each PLGA-PEG fibers population (Table S2).

Surface chemistry of the needle shaped PLGA-PEG fibers was
studied by FTIR (Fig. S2a). Signature of both PLGA and PEG were
identified in all samples. Quantitative surface analysis of the fibers
was done by XPS (Fig. S2b). From the fingerprint in the C 1s spec-
tra, similar C-C/C-H, C-O and C=0 contents were observed in all
the five types of fibers. Stable physicochemical properties of the
fibers during the experimental period were confirmed by zeta po-
tential, mobility, molecular weight, average length, aspect ratio and
average Young's modulus measured before or after immersion in
pH5 citric acid for 14 hrs, as being summarized in Table S2.

Cellular uptake and intracellular deformation of the needle shaped
PLGA-PEG fibers

Direct evidence of cellular uptake came from the CLSM stud-
ies. After feeding the cells with different fibers for 14 hrs, cells
were stained with Lysotracker as the acidic compartment marker,
and observed. Using PLGAs7500-PEGsggp as an example (Fig. 2a),
the yellow color in the CLSM images confirmed the internalized
fibers, as this color was from the overlapping of green (florescence
of Lysotracker) and red (florescence of fibers) colors. Similar obser-
vation was made in all other samples (Fig. S3).

Quantitative results of the cellular uptake amount were ob-
tained by flow cytometry, showing similar trend in all samples,

that is, at fixed feeding time (i.e., 3 hrs.), the cellular uptake
amount of the needle shaped PLGA-PEG fibers increased gradually
with concentration increasing from 2.5 to 25 pg/ml. when the con-
centration was further increased to 50 and 100 pg/mL, a surge in
the uptake amount took place. Similar cellular uptake behavior was
observed for all five samples, although the softer fibers had slightly
higher uptake amount at the same concentration when compared
to the harder ones, and this only became obvious at high feeding
concentrations (>25 pg/ml). (Fig. 2b). At fixed concentration (i.e.,
100 pg/mL), the cellular uptake increased largely for all samples
during the first 3 hrs incubation. After that a plateau was reached
in all plots. Again, higher uptake amount was observed in the case
of softer fibers. (Fig. 2c).

Cytotoxicity of the fibers were studied by both LDH (Fig. 1d)
and MTT assay (Fig. 1e). In both case, negligible toxicity effect was
identified.

It is known that cells internalize extracellular substances via
several different pathways. To determine the uptake mechanism of
the needle shaped PLGA-PEG fibers, special inhibitors were used
to treat cells before co-incubation with the fibers. The uptake ra-
tios of the fibers by the inhibitors treated cells were normalized
to those of the control cells and shown in Fig. 2f. Sodium Azide
treatment inhibited the cellular uptake amount of the all fibers by
~55%, indicating the presence of an active uptake process [3] since
sodium Azide was used as a metabolic inhibitor as it prevents
the production of ATP by interfering with glycolytic and oxidative
metabolic pathways of cells [4]. Cytochalasin D, a fungal metabolite
that could bind to actin filaments and block polymerization and
elongation of actin, decreased the cellular uptake of the fibers by
~30%, while Chlorpromazine (inhibitor of clathrin-mediated endo-
cytosis), Genistein (inhibitor of caveolae-mediated endocytosis) or
Amiloride (inhibitor of macropinocytosis) failed to alter the cellular
uptake amount of the fibers in any significant manner, indicating
phagocytosis was the major cellular pathway of the fibers.

It is well known that when particles larger than 500 nm en-
tered the cells via phagocytosis, they firstly resided in phagosomes
[33,34], which usually strictly follow the shape of the internal-
ized object [8,12,35,36]. In our case, the Dextran-FITC stained en-
dosomes/lysosomes, which was supposed to be normally spher-
ical shape, took the shape of the internalized fibers (Fig. S4,
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green channels), indicating these fibers containing vesicles were
indeed the late phagocytic vesicles-phagolysosomes. This was con-
sistent with the cellular uptake pathway experiment determined
by adding specific inhibitors (Fig. 1f): the fibers entered the cells
mainly via phagocytosis.

It is generally accepted that after phagocytosis, docking and
fusion between endosome/lysosome and phagosome usually took
place [37]. This was indeed observed in the present work when
RAW 264.7 cells were fed with different needle shaped PLGA-
PEG fibers. Taking the hardest PLGAgs5000-PEGsggp Sample as an
example, the endosomes/lysosomes (green) were found to dock
and fuse with the fibers-containing phagosomes (red) (Fig. 3a,
3 - 6 hrs, & S5b, 3 - 6 hrs). Intense fusion between the endo-
somes/lysosomes and the phagosomes can be observed from ~10
hrs incubation period (Fig. 3a, 10 hrs & S5b, 10 hrs), while com-
plete fusion was observed at 14 hrs, as indicated by the more and
brighter yellow color on the fibers in such a sample (Fig. S5b, 14
hrs). When cells were fed with other fibers, similar phenomena
were observed (Fig. 3b, and S5c - f, 3 - 14 hrs). However, inef-
fective/incomplete fusion was observed in both PLGA,g250-PEG5000
(Flg S5e, 14 hl'S) and PLGAZOO()()-PEG5000 (Flg S5f, 14 hrS) at the
end of 14 hrs’ feeding. The overlap of the fluorescence signals
between the fibers and the endosomes/lysosomes reduced from
almost ~100% (ln PLGAQSOOO_PEGSOOO (DISG), PLGA57500—PEG5000
(n=33) and PLGA36700-PEGs5000 (n=60)) to ~92% (in PLGA6250-
PEG5000 (n=48)) and to ~60% (m PLGA20000_PEG5000 (n:48)), n
represents the number of the counted fibers inside the cells. On
the other hand, we also found that the softer fibers (PLGA,g50-
PEGs000 and PLGA,pg00-PEGs5000) deformed in form of bending and
eventually rolling up (Fig. S5e & f, 6 — 14 hrs), which was the most
obvious in the PLGAyq09-PEGsggg fibers sample (Fig. 3b).

In order to describe the deformation of the needle shaped
PLGA-PEG fibers inside the cells, we use the equivalent length
of the internalized fibers as an indicator, that is, length was de-
fined as the farthest distance between two points on individual
fibers, and this equivalent length (Fig. 4) is then estimated based
on hundreds of fibers measured (Table S3). For samples PLGAg5000-
PEGS()()(), PLGA57500-PEG5000 and PLGA35700-PEG5000, the eqUiValent
length of the internalized fibers was almost unchanged when com-
pared to their original length of ~5.5 pm, indicating no deformation
was happened. Little change in the equivalent length is observed
in PLGA3g6200-PEGsqqo fibers (second softest) in the first hour af-
ter their internalization, followed by a decrease to ~3.6 um at 14
hrs. More significant change in the average length is observed in
the softest fibers (PLGA,0g00-PEGs000), and a value of ~2.2 pm was

PLGA0000-PEGs000

Dextran-FITC Fibers Overlapped
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Fig. 4. Equivalent length of needle shaped PLGA-PEG fibers at different time inter-
val, data were measured from CLSM images.

reached at 14 hrs, confirming the deformation of the softer fibers
in statistical means.

The deformation observed in the case of softer needle shaped
PLGA-PEG fibers (PLGA26250—PEGSOOO & PLGAZOOOO_PEGSOOO) sug-
gested that these fibers were not uniform mechanically. This is
consistent with the AFM force mapping obtained on individual
fibers (Fig. 1d & S1).

Evolution of actin on the surface of the fibers containing phagosomes

It was documented in the literature that actin coating on the
phagosome impeded the fusion between endosomes/lysosomes
and the phagosomes [38]. Consequently, the inefficient fusion be-
tween endosome/lysosome and phagosome observed in the case
of softer fibers (i.e., PLGA25250—PEG5000 & PLGAZOOOO_PEGSOOO) sug-
gested that the actin coating on the phagosome membrane gath-
ered during the phagocytic process may not leave after the
phagocytosis. Therefore, investigating the evolution of actin af-
ter phagocytosis became important. Fig. 5a showed the actin ab-
sence/presence of the hardest (PLGAgs000-PEG5009) and softest
(PLGA20000-PEGs000) fibers fed cells at the end of 14 hrs’ incuba-
tion. Actin coatings on the hardest fibers containing phagosomes
almost completely disappeared, as indicated by the little overlap
between the fluorescence signals of actin and fibers (Fig. 5b); while
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actin coatings on the softest fibers containing phagosomes could
always be found easily, as indicated by the largely overlapped flu-
orescence signals of actin and fibers (Fig. 5¢). This result suggested
that the actin coating remained on the softer fibers containing
phagosomes, but not those with harder ones.

Similar trends can be found in others samples. As shown in Fig-
ure S6, actin activity became the most active in the first 3 hrs
of phagocytosis of all fiber samples, when actin covering on the
fiber-containing phagosomes were easy to be found. Shortly af-
ter that, actin can still be found covering on some of the fibers
containing phagosomes, then the number of actin coated phago-
somes reduced and almost completely disappeared at 14 hrs for
cells fed with harder fibers (PLGA95000_PEG5000' PLGA57500-PEG5000
and PLGA3g700-PEGsggg), as indicated by the little overlap in the
fluorescence signals of actin and fibers (Fig. 5a, S6b, ¢ & d, 14
hrs). When cells were fed with softer fibers (i.e., PLGA,g250-PEGs0g9
& PLGA30000-PEGsg0g), similar phenomena can be observed in the
first 3 hrs (Fig. S6e & f, 1 - 3 hrs). However, actin coated phago-
somes can always be found (Fig. 5a, S6e & f, after 3 hrs) after long
feeding duration (up to 14 hrs), as indicated by the overlapped

fluorescence signals of actin and fibers. In the case of the soft-
est fibers (PLGA50000-PEGs000), some actin coated vesicles even re-
mained up to 24 hrs (Fig. S6f, 18 & 24 hrs).

The intracellular trafficking/deformation of the needle shaped
PLGA-PEG fibers and the evolution of actin on the surface of the
fibers-containing phagosomes suggested a possible correlation be-
tween the actin and the deformation of the softer fibers. The
judgement of whether the actin coatings caused the softer fibers’
deformation was verified by the following experiments. All the
fibers were fed to cells at the very beginning, 3 hrs latter the poly-
merization of actin was knocked down by adding Cytochalasin D
to the same medium and another 11 hrs incubation was followed.
After that, all the fibers were found to keep their equivalent length
the same as they were at 3 hrs (Table S4 and Fig. S7), confirming
the fibers’ deformation was caused by actin.

We also tried to exclude the possibility that actin preferred
to cover vesicles with low aspect ratio. In this set of experi-
ments, two extreme cases were chosen: the precursors of the hard-
est (PLGAQSOO()—PEGSOO()) and the softest (PLGA2OOOO_PEGSOOO) fibers
- their spherical counter parts, with diameter ~450 nm of the
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same volume, were fed to cells, after that the actin evolution was
recorded by CLSM. As shown in Figure S8, during the first 3 hrs’
incubation, most of the spheres containing vesicles were covered
with actin, and no obvious deformation of the spheres could be
observed. This was consistent with the observation made on the
needle shaped PLGA-PEG fibers with much higher aspect ratio ~
25. After that, the actin coating started to dissipate in both sam-
ples as time elapsing and was no longer detectable at 14 hrs’ in-
cubation. Such actin behavior was very similar to that observed in
the harder fibers’ case - actin covered the fibers containing vesi-
cles at the very beginning after feeding, and then tried to deform
the fibers, if the fibers could not be deformed, actin started to dis-
sipate. These results indicated that the actin dissipation was in-
dependent of the particle shape; but relied on whether the cargo
inside the vesicle can deform or not.

Discussion

Deformation of particles had been reported to take place at the
early stage of phagocytosis [30,39,40], e.g., upon anchoring to the
cell membrane, soft particles (with Young’s modulus ~760 MPa)
were found to deform more in response to phagocytic force ex-
erted by the actin driven membrane protrusion than the hard ones
(~1.2 GPa) [30]. The deformation of the particles was described by
the changes in its radius of curvature at the contact point with
the cell membrane. If the deformation is significant enough to
cause shape changes, i.e., from spherical shape to rod-like shape,
reduced phagocytosis rate was further induced, as understood by
the energy increase required by plasma membrane wrapping dur-
ing phagocytosis in theoretical model [12,41]. Nevertheless, once
the particles were internalized, it was generally accepted that the
shape of the phagosome took after that of the particles, and would
not change afterwards[8,12,35,36]. A surprising discovery in the
present work is the observation of particle deformation (i.e., bend-
ing and rolling up) at 6 hrs after their internalization into the
intracellular environment in the case of the two softer samples
(PLGA6250-PEGsp00 and PLGA20000-PEGso00)-

The experimental observation of (1) constantly observed actin
coatings on the vesicles containing two softer fibers (PLGAyg250-
PEGSUOO and PLGAZOOOO_PEG5000)' but not on those contain-
ing the harder ones (PLGAQSOOO'PEGSOOOv PLGAs575000-PEG5000 and
PLGA36700-PEGs000); (2) long lasting actin presence on the vesicles
containing softer fibers (14 hrs for PLGA56250-PEGs009 and up to 24
hrs for PLGAp000-PEGs000) and the quick actin depletion (within 6
hrs) followed by complete fusion of fibers containing phagosome
and endosome/lysosome in the case of harder samples (PLGAgs50q0-
PEGs000, PLGAs75000-PEGs000 and PLGA36700-PEGsogo); and (3) lit-
tle deformation of the fibers when actin polymerization was inhib-
ited, strongly suggest the correlation between the presence of actin
coating and the driving force for the fibers’ deformation. In fact, it
had been found that actin coating deposited on the surface of lipid
vesicles, and exerted compressive force to its interior in simulated
solution of the intracellular environment. [42,43].

Few actin related mechanical models can be found in the lit-
erature, with either experimental [40,43] or theoretical origins
[44,45]. Nevertheless, all of these models were built to explain the
motion of the vesicles driven by the asymmetrical actin polymer-
ization or breaking down of the actin coating. As the observation
in the present experiment related to bending and curling of the
fibers, we used a simple strut bucking model to estimate the com-
pressive force and pressure of the actin based on the apparent
Young’s modulus of the fibers measured by AFM (Figure S9). Con-
sidering a strut with similar geometry to the fibers and apparent
Young’s modulus ranging from 5 to 140 kPa to simulate the softest
fiber, we calculated the minimum compressive force for initialing
the bending was 4.54 pN, and the corresponding pressure of the

actin were ~212.6 Pa, which located within the compressive force
range in the literature reports of the F-actin network, that is, in the
range of -4 x 1073 to 5 x 103 Pa [43,46].

Conclusion

We synthesized needle shaped PLGA-PEG fibers with different
apparent Young’s modulus and investigated how their deformation
affect the physiological response of macrophages. We found that
the softest fibers inside the phagosome were deformed by the sur-
rounding actin coatings, and a reluctance of actin depletion of the
phagosomes containing the softest fibers. The interplay between
fibers’ deformation and actin response disclosed the important role
of material mechanical property in affecting the physiology of cells.
The different cellular fate of soft fibers vs. hard fibers (long lasting
phagosome environment vs. lysosome environment) suggested me-
chanical engineering serve as effective means to tailor nanoparticle
carriers design for special delivery purpose. On the other hand, the
deformation of the soft fiber driven by actin might potentially pro-
vide an alternative approach for in situ measuring the mechanical
properties of biomaterials in live systems.
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