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a b s t r a c t 

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. 

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. 

 

 

 

a  

f  

c  

c  

t  
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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nd bio-sensing. These attributes, including the size [1–3] , sur-

ace charge [4] and chemistry [ 5 , 6 ], shape [7–12] , and mechani-

al properties [13] , not only determine the cellular fate of parti-

les, but also affect the physiology of the cells [14] . Among them,

he size, shape and surface charge/chemistry effect have been well

ocumented in the literature [ 11 , 15–17 ] since advances in parti-

le synthesis [18] have facilitated systematic studies that investi-

ate their influence as being drug carry. Beyond these researches,
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http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2020.05.029&domain=pdf
mailto:jianlu@cityu.edu.hk
https://doi.org/10.1016/j.actbio.2020.05.029


B. Zhang, M. Zhu and Z. Li et al. / Acta Biomaterialia 112 (2020) 182–189 183 

l  

p  

c  

e

 

p  

s  

b  

s  

i  

p  

r  

O  

t  

p  

o  

r  

d  

n  

w  

o  

c  

a  

t  

i  

m  

b  

b  

H  

o  

p  

s  

c  

b  

w  

i  

s  

c

 

c  

a  

s  

c  

s  

t  

o  

o  

m  

e  

u  

p  

a  

s  

l  

b  

l  

p  

u  

&  

b  

a  

a  

a  

o  

r  

r

E

P

 

s  

t  

s  

f

 

t  

w  

(  

m  

m  

s  

D  

w  

m  

m  

w  

a  

t

I

 

u  

fi  

b  

c  

C  

s  

i  

c  

e

C

 

P  

t  

μ  

a  

d  

m  

fi  

h

 

s  

i  

c  

t  

a  

fi

P

 

9  

h  

o  

b  

s  
ess progress have been made on how mechanical properties of the

articles affect their interaction with the cells, even though me-

hanical property of bulk material in other field is well understood,

specially in tissue engineering [19] . 

In fact, cells have been known to have mechano-sensors and

athways for specific physiological processes [ 20 , 21 ]. One repre-

entative example is the anchoring of particles to the cell mem-

rane to trigger cellular uptake. It has was reported that the

tiffer particles with compressive modulus of 155.7 kPa resulted

n stronger obstacle on the cell adhesion ability than the softer

articles of 16.7 kPa [22] . After anchoring, the cellular uptake was

eported to also depend on the particles’ mechanical properties.

ne of the most obvious express of particles’ mechanical proper-

ies is their deformation, whether particles undergo deformation

rovides insight into their stability and the potential mechanism

f action inside the cell [23] , especially when serving as drug car-

iers. Softer particles are more likely to deform under pressure

uring the uptake process [24–26] . For example, preferable inter-

alization in macrophage cells were found by using nanoparticles

ith Young’s modulus of 30 0 0 kPa vs. those of 10 kPa, as the later

nes tend to deform in such a way that the particle’s radius of

urvature changes in the direction normal to the cell membrane,

voiding uptake by macrophage [27] . This feature associated with

he softer nanoparticles lead to their longer circulation half-life

n blood stream [ 27 , 28 ] to achieve “stealth” to macrophage. The

ore difficult cellular uptake of softer nanoparticles is understood

y the larger adhesion energies needed to complete the mem-

rane wrapping during endocytosis in simulation models [ 29 , 30 ].

owever, opposite conclusion has been drawn from a recent work

f pickering emulsion droplets with force-dependent deformation

roperty, when enhanced cellular uptake and thus immune re-

ponse was identified due to the droplets were deformed by the

ellular wrapping to enlarge the contact zone with cellular mem-

ranes that triggered three-dimensional multivalent interactions

ith antigen-presenting cells, and subsequently stimulated potent

nnate and adaptive immune responses [31] . All of the scattered re-

ults aroused the importance of understanding particles’ mechani-

al properties effect on cells for bioapplications. 

In this study, the cellular fate of needle shaped Poly (lactic-

o-glycolic acid, LA:GA = 1:1) polyethylene glycol (PLGA-PEG) fibers

nd the physiological responses of the cells were investigated by

tudying their interaction with the murine macrophage RAW 264.7

ells. In traditional studies, the used spherical shaped particles

uffered from the difficulty in observation of deformation in op-

ical means. Thus needle shaped fibers in this study was an-

ther solution due to their length is larger than the optical res-

lution. Apparent Young’s modulus is a physical parameter com-

only employed to describe the deformability of materials in the

lastic regime. Here we manipulated the apparent Yong’s mod-

lus by varying the PLGA molecule chain length in the com-

osite, then applied nano-precipitation/solvent diffusion method

nd stretching method to turn the PLGA-PEG polymers to fiber

hape. We used AFM to measured their apparent Young’s modu-

us and confirmed their mechanically inhomogeneous. After incu-

ating with cells, we observed distinct features of the intercellu-

ar trafficking of the fibers. Consistently, the cells showed different

hysiological responses upon the fibers’ internalization. In partic-

lar, we observed deformation of the softer (average value = 56

 142 kPa) PLGA-PEG fibers when being trapped inside actin-

ounded vesicles, which was absent in the case of harder (aver-

ge value = 246, 434 & 872 kPa) fibers. This provided us with

 possible in situ method to evaluate the mechanical property of

ctin coatings in live cells. On the other hand, the deformation

f the fibers triggered by actin activity suggested a possible pa-

ameter in carrier design for stimuli-responsive intracellular cargo

elease. 
u
xperimental methods 

reparation and characterization of needle shaped PLGA-PEG fibers 

PLGA-PEG copolymer was firstly synthesized into spherical

hape using the nano-precipitation/solvent diffusion method [32] ,

he spherical shaped particles were then stretched into needle

hape using the stretching methods [8] . Refer to SI for more in-

ormation. 

Scanning electron microscopy (SEM, FEI Quanta 400) was used

o obtain the morphology of the needle shaped PLGA-PEG fibers

ith the accelerating voltage of 2 kV. Atomic force microscopy

AFM, Bruker BioScope Catalyst) was applied to measure both the

orphology and apparent Young’s modulus via Peak Force QNM

ode at 37 °C in PBS simultaneously. Fourier-transform infrared

pectroscopy (FTIR, Thermo Nicolet 6700) was used to character.

ynamic light scattering (DLS, Beckman coulter, Delsa TM Nano)

as used to measure the surface charge and mobility. Gel per-

eation chromatography (K-Alpha, Thermo Scientific) was used to

easure the molecular weight. Photoluminescence (Hitachi P70 0 0)

as applied to verify the conjugation of Nile red inside the fibers,

nd to detect the fluorescence intensity of each kind of fibers at

he same concentration. Refer to SI for more information. 

ntroducing PLGA-PEG fibers to cells 

RAW 264.7 (ATCC® TIB-71 TM ) murine macrophage cells were

sed in this study. The cells were cultured with Dulbecco’s modi-

ed Eagle’s media (Life technology), supplemented with10 % fetal

ovine serum (Life technology). Cells were grown in a standard cell

ulture incubator at 37 °C with 5% CO 2 in a humidified atmosphere.

ells were allowed to be incubated for 24 hrs before the needle

haped PLGA-PEG fibers were introduced. All the fibers were ster-

lized using UV light for 15 min before feeding. The feeding con-

entration of the fibers was always kept at 100 μg/mL unless oth-

rwise specified. 

ellular uptake analysis 

The concentration dependent cellular uptake of needle shaped

LGA-PEG fibers was carried out by feeding RAW 264.7 cells with

he fibers at different concentrations (2.5, 5, 10, 25, 50 and 100

g/mL) for 3 hrs, cells were then washed twice with PBS and an-

lyzed by flow cytometry with excitation of 488 nm. The time

ependent cellular uptake of needle shaped PLGA-PEG fibers was

easured by flow cytometry after the cells being fed with the

bers for different time intervals (i.e., 0.16, 0.5, 1, 3, 6, 10 and 14

rs). 

To determine the cellular uptake mechanism of the needle

haped PLGA-PEG fibers, RAW 264.7 cells were firstly incubated

n serum free medium in the presence of special inhibitors, in-

luding sodium azide, chlorpromazine, genistein, amiloride and cy-

ochalasin D, whose concentration is given in Table S1 for 3 hrs,

nd then co-incubated with the fibers for another 6 hrs, cells were

nally washed twice with PBS, and analyzed by flow cytometry. 

hysiological change 

All biochemical assays were started from seeding the cells in

6 well plate at the concentration of 50 0 0 cells pre well for 24

rs, then the needle shaped PLGA-PEG fibers were added for an-

ther 14 hrs incubation. Cell membrane perturbation was studied

y LDH release assay (CytoTox 96 Non-Radioactive Cytotoxicity As-

ay, Promega), the cytotoxicity caused by the fibers was evaluated

sing 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). 
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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 μm 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
as implemented on the fiber. The fiber buckled due to the ununi-

ormed mechanic distribution (Fig. S13). 

tatistical analysis 

All data are provided as the mean ± standard deviation (SD).

or the fibers’ Young’s modulus calculation, Nanoscope software

as used to select the fibers in each frame, then Young’s modulus

f each pixel of the fibers were calculated. Their statistical analysis

as performed using the column statistics function in GraphPad

rism, with confidence interval of 95% to obtain Mean value as av-

rage, Std. Error of Mean as the error, and the minimum and max-

mum number. For flow cytometry analysis, a minimum of 10 0 0 0

ells per sample was considered. Their statistical analysis was per-

ormed using the column statistics function in GraphPad Prism,

ith confidence interval of 95% to obtain Mean value as average,

D as the error. 

esults 

eneral characterizations of PLGA-PEG fibers 

The molecular weight of PEG was fixed at 50 0 0 Da, while that

f PLGA varied from 950 0 0 to 20 0 0 0 Da to manipulate the appar-

nt Young’s modulus, and eventually the deformability of the fibers

 Fig. 1 a). SEM images were taken from the needle shaped PLGA-

EG fibers ( Fig. 1 b), revealing their similar morphologies despite of

he different PLGA molecular weight in the respective fibers. The

verage 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: 10μm); (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. 
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f ~25. The tip size of the fiber is described using radius of curva-

ure, which is estimated as 150-250 nm in PBS from the respective

FM images ( Fig. 1 c). 

Mechanical properties of individual needle shaped PLGA-PEG

bers were measured using AFM. As shown in Fig. 1 d, the force

apping of any single fiber revealed the non-uniform local appar-

nt Young’s modulus. Taken the hardest and softest fiber as an ex-

mple, the former one (Fig. S1a) had a broad distribution of mea-

ured apparent Young’s modulus from 200 to 30 0 0 kPa; as a com-

arison, the latter one (Fig. S1b) showed apparent Young’s modulus

rom ~0 to 300 kPa, but with majority of the fibers having Modulus

60 kPa. The average apparent Young’s modules of samples from

ard to soft were measured to be 872, 434, 246, 142 and 56 kPa,

hich represented the average apparent Young’s modulus associ-

ted with the overall apparent Young’s modulus values from Gaus-

ian distribution of each PLGA-PEG fibers population (Table S2). 

Surface chemistry of the needle shaped PLGA-PEG fibers was

tudied by FTIR (Fig. S2a). Signature of both PLGA and PEG were

dentified in all samples. Quantitative surface analysis of the fibers

as done by XPS (Fig. S2b). From the fingerprint in the C 1s spec-

ra, similar C-C/C-H, C-O and C = O contents were observed in all

he five types of fibers. Stable physicochemical properties of the

bers during the experimental period were confirmed by zeta po-

ential, mobility, molecular weight, average length, aspect ratio and

verage Young’s modulus measured before or after immersion in

H5 citric acid for 14 hrs, as being summarized in Table S2. 

ellular uptake and intracellular deformation of the needle shaped 

LGA-PEG fibers 

Direct evidence of cellular uptake came from the CLSM stud-

es. After feeding the cells with different fibers for 14 hrs, cells

ere stained with Lysotracker as the acidic compartment marker,

nd observed. Using PLGA 57500 -PEG 50 0 0 as an example ( Fig. 2 a),

he yellow color in the CLSM images confirmed the internalized

bers, as this color was from the overlapping of green (florescence

f Lysotracker) and red (florescence of fibers) colors. Similar obser-

ation was made in all other samples (Fig. S3). 

Quantitative results of the cellular uptake amount were ob-

ained by flow cytometry, showing similar trend in all samples,
hat is, at fixed feeding time (i.e., 3 hrs.), the cellular uptake

mount of the needle shaped PLGA-PEG fibers increased gradually

ith concentration increasing from 2.5 to 25 μg/ml. when the con-

entration was further increased to 50 and 100 μg/mL, a surge in

he uptake amount took place. Similar cellular uptake behavior was

bserved for all five samples, although the softer fibers had slightly

igher uptake amount at the same concentration when compared

o the harder ones, and this only became obvious at high feeding

oncentrations ( > 25 μg/ml). ( Fig. 2 b). At fixed concentration (i.e.,

00 μg/mL), the cellular uptake increased largely for all samples

uring the first 3 hrs incubation. After that a plateau was reached

n all plots. Again, higher uptake amount was observed in the case

f softer fibers. ( Fig. 2 c). 

Cytotoxicity of the fibers were studied by both LDH ( Fig. 1 d)

nd MTT assay ( Fig. 1 e). In both case, negligible toxicity effect was

dentified. 

It is known that cells internalize extracellular substances via

everal different pathways. To determine the uptake mechanism of

he needle shaped PLGA-PEG fibers, special inhibitors were used

o treat cells before co-incubation with the fibers. The uptake ra-

ios of the fibers by the inhibitors treated cells were normalized

o those of the control cells and shown in Fig. 2 f. Sodium Azide

reatment inhibited the cellular uptake amount of the all fibers by

55%, indicating the presence of an active uptake process [3] since

odium Azide was used as a metabolic inhibitor as it prevents

he production of ATP by interfering with glycolytic and oxidative

etabolic pathways of cells [4] . Cytochalasin D, a fungal metabolite

hat could bind to actin filaments and block polymerization and

longation of actin, decreased the cellular uptake of the fibers by

30%, while Chlorpromazine (inhibitor of clathrin-mediated endo-

ytosis), Genistein (inhibitor of caveolae–mediated endocytosis) or

miloride (inhibitor of macropinocytosis) failed to alter the cellular

ptake amount of the fibers in any significant manner, indicating

hagocytosis was the major cellular pathway of the fibers. 

It is well known that when particles larger than 500 nm en-

ered the cells via phagocytosis, they firstly resided in phagosomes

 33 , 34 ], which usually strictly follow the shape of the internal-

zed object [ 8 , 12 , 35 , 36 ]. In our case, the Dextran-FITC stained en-

osomes/lysosomes, which was supposed to be normally spher-

cal shape, took the shape of the internalized fibers (Fig. S4,
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Fig. 3. Deformation of the needle shaped PLGA-PEG fibers and the docking between the endosome/lysosome and the fibers containing vesicles. (a) the hardest (PLGA 950 0 0 - 

PEG 50 0 0 ) and (b) softest (PLGA 20 0 0 0 -PEG 50 0 0 ) fibers (Scale bar: 10μm. Green: Dextran-FITC, red: fibers, yellow: overlapped; yellow rectangles indicate the deformation of the 

softest fibers). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Equivalent length of needle shaped PLGA-PEG fibers at different time inter- 

val, data were measured from CLSM images. 

r  

i

 

P  

g  

c  

fi

E

 

p  

a  

t  

o  

g  

e  

p  

t  

s  

(  

t  

a  

b  
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. 1 f): 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 PLGA 950 0 0 -PEG 50 0 0 sample as an

example, the endosomes/lysosomes (green) were found to dock

and fuse with the fibers-containing phagosomes (red) ( Fig. 3 a,

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. 3 a, 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. 3 b, and S5c – f, 3 – 14 hrs). However, inef-

fective/incomplete fusion was observed in both PLGA 26250 -PEG 50 0 0 

(Fig. S5e, 14 hrs) and PLGA 20 0 0 0 -PEG 50 0 0 (Fig. 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% (in PLGA 950 0 0 -PEG 50 0 0 (n = 56), PL GA 57500 -PEG 50 0 0 

(n = 33) and PLGA 36700 -PEG 50 0 0 (n = 60)) to ~92% (in PLGA 26250 -

PEG 50 0 0 (n = 48)) and to ~60% (in PLGA 20 0 0 0 -PEG 50 0 0 (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 26250 -

PEG 50 0 0 and PLGA 20 0 0 0 -PEG 50 0 0 ) deformed in form of bending and

eventually rolling up (Fig. S5e & f, 6 – 14 hrs), which was the most

obvious in the PLGA 20 0 0 0 -PEG 50 0 0 fibers sample ( Fig. 3 b). 

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 PLGA 950 0 0 -

PEG 50 0 0 , PLGA 57500 -PEG 50 0 0 and PL GA 36700 -PEG 50 0 0 , the equivalent

length of the internalized fibers was almost unchanged when com-

pared to their original length of ~5.5 μm, indicating no deformation

was happened. Little change in the equivalent length is observed

in PLGA 26200 -PEG 50 0 0 fibers (second softest) in the first hour af-

ter their internalization, followed by a decrease to ~3.6 μm at 14

hrs. More significant change in the average length is observed in

the softest fibers (PLGA 20 0 0 0 -PEG 50 0 0 ), and a value of ~2.2 μm was
eached at 14 hrs, confirming the deformation of the softer fibers

n statistical means. 

The deformation observed in the case of softer needle shaped

LGA-PEG fibers (PLGA 26250 -PEG 50 0 0 & PL GA 20 0 0 0 -PEG 50 0 0 ) sug-

ested that these fibers were not uniform mechanically. This is

onsistent with the AFM force mapping obtained on individual

bers ( Fig. 1 d & S1). 

volution of actin on the surface of the fibers containing phagosomes 

It was documented in the literature that actin coating on the

hagosome impeded the fusion between endosomes/lysosomes

nd the phagosomes [38] . Consequently, the inefficient fusion be-

ween endosome/lysosome and phagosome observed in the case

f softer fibers (i.e., PLGA 26250 -PEG 50 0 0 & PL GA 20 0 0 0 -PEG 50 0 0 ) sug-

ested that the actin coating on the phagosome membrane gath-

red during the phagocytic process may not leave after the

hagocytosis. Therefore, investigating the evolution of actin af-

er phagocytosis became important. Fig. 5 a showed the actin ab-

ence/presence of the hardest (PLGA 950 0 0 -PEG 50 0 0 ) and softest

PLGA 20 0 0 0 -PEG 50 0 0 ) fibers fed cells at the end of 14 hrs’ incuba-

ion. Actin coatings on the hardest fibers containing phagosomes

lmost completely disappeared, as indicated by the little overlap

etween the fluorescence signals of actin and fibers ( Fig. 5 b); while
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Fig. 5. Actin evolution on the fibers containing vesicles. (a) Intracellular actin distribution of control (top row), cells incubated with hardest (middle row) and softest fibers 

(bottom row) for 14 hrs; (b & c) intensity profile of the selected white line of the hardest and softest fibers in (a). (Scale Bar: 10μm. Green: Phalloidin, red: fibers, yellow: 

overlapped). 
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ctin coatings on the softest fibers containing phagosomes could

lways be found easily, as indicated by the largely overlapped flu-

rescence signals of actin and fibers ( Fig. 5 c). This result suggested

hat the actin coating remained on the softer fibers containing

hagosomes, but not those with harder ones. 

Similar trends can be found in others samples. As shown in Fig-

re S6, actin activity became the most active in the first 3 hrs

f phagocytosis of all fiber samples, when actin covering on the

ber-containing phagosomes were easy to be found. Shortly af-

er that, actin can still be found covering on some of the fibers

ontaining phagosomes, then the number of actin coated phago-

omes reduced and almost completely disappeared at 14 hrs for

ells fed with harder fibers (PLGA 950 0 0 -PEG 50 0 0 , PL GA 57500 -PEG 50 0 0 

nd PLGA 36700 -PEG 50 0 0 ), as indicated by the little overlap in the

uorescence signals of actin and fibers ( Fig. 5 a, S6b, c & d, 14

rs). When cells were fed with softer fibers (i.e., PLGA 26250 -PEG 50 0 0 

 PLGA 20 0 0 0 -PEG 50 0 0 ), similar phenomena can be observed in the

rst 3 hrs (Fig. S6e & f, 1 - 3 hrs). However, actin coated phago-

omes can always be found ( Fig. 5 a, S6e & f, after 3 hrs) after long

eeding duration (up to 14 hrs), as indicated by the overlapped
uorescence signals of actin and fibers. In the case of the soft-

st fibers (PLGA 20 0 0 0 -PEG 50 0 0 ), some actin coated vesicles even re-

ained up to 24 hrs (Fig. S6f, 18 & 24 hrs). 

The intracellular trafficking/deformation of the needle shaped

LGA-PEG fibers and the evolution of actin on the surface of the

bers-containing phagosomes suggested a possible correlation be-

ween the actin and the deformation of the softer fibers. The

udgement of whether the actin coatings caused the softer fibers’

eformation was verified by the following experiments. All the

bers were fed to cells at the very beginning, 3 hrs latter the poly-

erization of actin was knocked down by adding Cytochalasin D

o the same medium and another 11 hrs incubation was followed.

fter that, all the fibers were found to keep their equivalent length

he same as they were at 3 hrs (Table S4 and Fig. S7), confirming

he fibers’ deformation was caused by actin. 

We also tried to exclude the possibility that actin preferred

o cover vesicles with low aspect ratio. In this set of experi-

ents, two extreme cases were chosen: the precursors of the hard-

st (PLGA 950 0 0 -PEG 50 0 0 ) and the softest (PLGA 20 0 0 0 -PEG 50 0 0 ) 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

(PLGA 26250 -PEG 50 0 0 and PL GA 20 0 0 0 -PEG 50 0 0 ). 

The experimental observation of (1) constantly observed actin

coatings on the vesicles containing two softer fibers (PLGA 26250 -

PEG 50 0 0 and PLGA 20 0 0 0 -PEG 50 0 0 ), but not on those contain-

ing the harder ones (PLGA 950 0 0 -PEG 50 0 0 , PL GA 5750 0 0 -PEG 50 0 0 and

PLGA 36700 -PEG 50 0 0 ); (2) long lasting actin presence on the vesicles

containing softer fibers (14 hrs for PLGA 26250 -PEG 50 0 0 and up to 24

hrs for PLGA 20 0 0 0 -PEG 50 0 0 ) 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 (PLGA 950 0 0 -

PEG 50 0 0 , PLGA 5750 0 0 -PEG 50 0 0 and PL GA 36700 -PEG 50 0 0 ); 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
ctin were ~212.6 Pa, which located within the compressive force

ange in the literature reports of the F-actin network, that is, in the

ange of -4 × 10 −3 to 5 × 10 3 Pa [ 43 , 46 ]. 

onclusion 

We synthesized needle shaped PLGA-PEG fibers with different

pparent Young’s modulus and investigated how their deformation

ffect the physiological response of macrophages. We found that

he softest fibers inside the phagosome were deformed by the sur-

ounding actin coatings, and a reluctance of actin depletion of the

hagosomes containing the softest fibers. The interplay between

bers’ deformation and actin response disclosed the important role

f material mechanical property in affecting the physiology of cells.

he different cellular fate of soft fibers vs. hard fibers (long lasting

hagosome environment vs. lysosome environment) suggested me-

hanical engineering serve as effective means to tailor nanoparticle

arriers design for special delivery purpose. On the other hand, the

eformation of the soft fiber driven by actin might potentially pro-

ide an alternative approach for in situ measuring the mechanical

roperties of biomaterials in live systems. 
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