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Abstract

We report on amphiphilic diblock copolymer-decodat@nisotropic silica nanotubes with
defined dual functions of shape and surface pragserh one nanocontainer. Amphiphilic
poly(lactic acid)blockpoly(ethylene glycol) (PLA-PEG) diblock copolymers are
covalently grafted to the surface of mesoporousasihanotubes via silane chemistry and
esterification. The released percentage of problecutes from the resultant silicp{PLA-b-
PEG) hybrid nanocontainer is around 40% over aseldime of 48 hours, in contrast to 90%
from bare silica nanotubes prior to surface modifan. The diblock copolymer-decorated
anisotropic nanocontainers with large aspect rkggal to enhanced viability of NIH 3T3
fibroblast cells. A theoretical model based on tle® energy cost for cell membranes to
encapsulate nanocontainers is utilized to undeddtas cytotoxicity. This work demonstrates
that the release dynamics of the active moleculdstlze interaction of hybrid nanocontainers
with cell membranes can be regulated by the sysigrgeffect of nanocontainer shape and

surface properties.



I ntroduction

Nanocontainers are of great interest, if they akisiphisticated hollow structures, functional
permeable shell, and provide diverse applicatiomaedicine, catalysis, energy storage and as
a component of self healing materials.[1-7] A virief organic containers with regulated size
and size distribution, including liposomes, dendhig) colloidosomes, micelles and peptides
have been developed in the past years.[8ki5ddition to the size, functional surfaces of
nanocontainers to achieve biocompatibility or térgeproperties are essential to improve the
efficacy and specificity of active molecules in idety systems.[16-23] Furthermore, a
sophisticated geometry is important to affect thernpeation barriers for efficient
therapeutics.[13, 24-29] Nonspherical shape withessd features such as longer blood
circulation time and complex motions under flow dions is a key design parameter to
improve nanocontainers in drug delivery.[27, 30} Bar instance, wormlike polymer brush
as non-spherical nanocarrer can easily internalmedancer cells.[13] Self-assembly is an
efficient strategy for fabrication of one-dimensstbmanomaterials with controlled aspect
ratios [32-35] as well as stimuli-responsive prajgerfor guest delivery.[36] In biological
applications, multifunctional features from sizkage and surface properties in one container
system are essential. However, integrating dualufea of size, anisotropic shape and
desirable surface properties in a single nanocoatais still very challenging, thus the

evaluation and theoretical understanding of angatrcontainers is further limited.

Herein we report a facile synthesis of PbkckPEG diblock copolymer-decorated
anisotropic silica nanotubes with a synergistieetfffrom the shape and surface properties in
one container system. The surface grafting of alyoper on anisotropic silica nanotubes can
improve container behaviors in the release dynaickcellular cytotoxicity tests. Through
free energy calculations for the encapsulationasfatontainers by cell membranes, it shows

that the surface grafting of block copolymers omsatnopic nanocontainers maintains the



binding affinity of nanocontainers to cell membrsne

Experimental Section
Materials
Tetraethyl orthosilicate (TEOS), 3-aminopropyltnexysilane (APTES), rhodamine 6G,

Dulbecco’s modified Eagles medium (DMEM), thiazoblue tetrazolium bromide (MTT)
were purchased from Sigma-Aldrich (Germany). Pdlyetne glycol-polyactic acid diblock
polymer (PEG(5000B-PLA(1000)) was purchased from Polysciences, Iigrig 58 and
cyclohexane (Acros, 99.5%), ammonia solution §NJO, Merck, 25%), acetonitrile (Merck,
HPLC grade) and dimethylformamide (DMF, Merck, HPgde) were used without further
purification. The water used in all experiments wespared in a three-stage Millipore Milli-

Q plus 185 purification system and had a resistaigleer than 18.2 Kcm.

Synthesis of Silica-g-(PL A-b-PEG) Hybrid Nanotubes
Silica nanorods with different aspect ratios weyetisesized from nickel-hydrazine/silica

core-shell rods.[37, 38] Initially, the nickel hydine/silica core-shell nanorods were cleaned
repeatedly by isopropanol and ethanol to remove dhdactant. The nanorods were
redispersed in THF and collected by precipitatibhéxane (volume of hexane to THF is 3:1)
followed by centrifugation. Then, 3 mL of 3-aminopyltriethoxysilane (APTES) and 0.5
mL of diethylamine were introduced dropwise inte thckel hydrazine/silica core-shell rod
suspension (45 mL of isopropanol, 5 mg/mL) andedirat room temperature for 48 h. The
nanorods were collected by centrifugation and @darepeatedly by ethanol, THF and
hexane. The nanotubes with carboxylic acid grosped-COOH) were further obtained by a
surface reactiobetween amine groups and succinic anhydride.[39] Silica-NH nanorods
were dispersed in the succinic anhydride/DMF sotu{0.5 M) and stirred for 48 h at room
temperature. The silica-COOH nanotubes were prdpaige selective etching of the nickel
hydrazine/silica-COOH core-shell rods in HCI sadati(1 M), followed by repeated washes

with a mixture of ethanol/DI water till a constait value.
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The surface grafting of PLA-PEG diblock copolymers onto silica-COOH nanotubdaces
was carried out by an esterification reactimtween carboxylic acid groups of silica surfaces
and hydroxyl end groups of PLB-PEG telechelic copolymers.[40] In detail, the srepon

of silica-COOH nanotubes (0.4 g) and PbAREG diblock copolymers (0.6 g, tamol,
PEG(5000)b-PLA(1000), from Polyscience Inc.) in 20 mL of DMS#&as gently stirred at
room temperature for 24 h, then a solutioNefN’-dicyclohexylcarbodiimide (DCC, 0.0206
g, 10* mol) and 4-dimethylaminopyridine (DMAP, 0.0018 Ig5 x 10° mol) in DMF was
added, and the resultant mixture was stirred anrtemperature for three days. The silgza-
(PLA-b-PEG) hybrid nanotubes were collected by additibrthe suspension into diethyl
ether under vigorous stirring, followed by vacuumitrdtion. The nanotubes were then
purified by redispersion in THF and precipitateddiathyl ether and were dried in a vacuum
oven at room temperature until a constant weiglg alzained. The silica-COOH nanotubes
and silicag-(PLA-b-PEG) hybrid nanotubes with different aspect rafid.12 and 4.72 were

obtained by tuning the ratio of hydrazine/nicketidg the template growth process.

The grafting density of polymers on silica nanotutsecalculated from TGA analysis by Item

1/ltem 2 below.

Item 1 Grafted polymer chains numbers = (grafted polyamount/Mw) x NA, andtem 2

Surface areas 3% x Number of the particles.

Where, the grafted polymer amount is from TGA asiglyNA is Avogadro constanfjumber
of particles is calculated by Total volumeA%®3) = (weight/density)/(41r*/3), and r is
radius of particle, density of siliagpolymer is calculated to be 1.30 gi(8iOx: 2.2 g/cm,

PLA-blockPEG: 1.2 g/crhy 2.2 x 0.31+1.2 x 0.69 =1.30 g/&n

In vitro Release Test and Cellular Cytotoxicity Test
To encapsulate the model probe rhodamine 6G i0asiOOH and silicg-(PLA-b-PEG)

nanotubes, the Rh6G/nanotube suspension was kdpt uacuum overnight to increase the
5



loading efficiency, then centrifuged and washeddt water. The supernatant was collected
for UV-visible spectra analysis. The loading amoaohtrhodamine 6G in the nanotubes is
given by the difference of the feeding amount ahdt tin the supernatant. The loading
capacity was given by the ratddD = (MD+MT), whereMD is the mass of model drug in

nanotubes andT the mass of nanotubes. For the release dynantes,nanotubes

encapsulating rhodamine 6G were added to the dalybing (12-14 KDa), and the release
experiments were carried out at room temperatutginD the release test, 3 mL of sample
solution was taken out after a defined period ofetiand subjected to UV-visible spectral

analysis. Afterwards the sample was placed backthe solution for further release test. The

analytical standard curve was obtained by UV-Viecsipscopy at the wavelength of 275

nm and rhodamine 6G concentrations ranging fron® 1® 10* mg/mL (Supporting

Information, Figure S4).

NIH 3T3 fibroblast cells were seeded 5 times i@l plates (1.8 cAtwell) in 1 mL of cell
culture media (DMEM containing 4.5 g/L glucose, id) % of Calf Sera and 10 pug/mL of
Gentamicin) at a density of 6 30° cells per cri The cell counting was carried out with a
Casy Cell Counter (Model TT, Company Roche systedm)the control experiment, no
nanotubes (blank sample) were added into the Welincubate with nanotubes in cell culture
media, cells were first maintained at@7n a humidified atmosphere containing 5% ,3ar

24 h. Then used media were removed, and mediai@oluias added to the sample at the
same tube concentration of 0.1 mg/mL. Each samm@e wmpeated 5 times in 5 wells.
Viability of the cells was determined by an MTT agsfter 48 h of cell culture. Cells were
cultured with 1 mL of fresh medium containing 100 MTT stock solution (5 mg MTT/1 mL
PBS) in the incubator for 4 h (32 and 5% C@in the atmosphere). The supernatant was
removed and 1 mL of a formazan dissolving solu{@4 mL DMSO + 10 g SDS + 0.6 mL

glacial acetic acid) was added. The solutions weaesferred into 96 well plates and the
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absorbance at a test wavelength of 570 nm anderefer wavelength of 630 nm was

immediately read on a microplate reader (Multiséanent, Thermo Fisher).

The size and morphology of the synthesized silical silicag-(PLA-b-PEG) hybrid
nanotubes were characterized by scanning electiocrosgopy (SEM, Zeiss Gemini LEO
1550) and transmission electron microscopy (TEMsZ&M912 Omega). For SEM images,
the nanotubes were dispersed in ethanol, droppéa artlean copper foil on an electron
microscope stub, and dried in vacuum at room teatpex. For TEM images, the nanotubes
dispersed in ethanol were spread onto the surfeaeopper grid and then dried in vacuum at
room temperature. Fourier-transform infrared (F}-#pectroscopy was carried out with a
Varian 1000 FT-IR (Scimitar Series) spectrophot@nefhe Brunauer-Emmett-Teller (BET)
adsorption/desorption isotherm was determined Kkyogen sorption at 77 K using a
Micromeritics ASAP 2000 surface area analyzer. Ppbee size and size distribution were
obtained by the DFT methodH nuclear magnetic resonancEHKMR) spectra were
measured on a Bruker DPX 400 MHz spectrometer, gus€tDCkL as the solvent.
Thermogravimetric analysis (TGA) was carried out arthermogravimetric analyzer (TA
Instrument, Model 2050) at a heating rate ofZIfin in nitrogen. The UV-visible absorption
spectra at wavelength from 200 nm to 800 nm werasored on a Varian Cary 50 UV-visible

Spectrophotometer.

Results and Discussion

The procedure for the synthesis of anisotropicatdi(PLA-b-PEG) hybrid nanotubes is
illustrated in Figure 1A. Initially, silica nanotab were functionalized via modification of the
silica surface with amine groups and carboxylicdagioups by silane chemistry. The as-
synthesized silica-COOH nanotubes were then sudeafted with amphiphilic PLAslock
PEG diblock copolymers by esterification betweemboaylic acid groups from silica

nanotubes and hydroxyl end groups from PiéekPEG telechelic copolymers. Four types
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of silica nanotubes (NT1 and NT3) and silg#&PLA-b-PEG) hybrid nanotubes (NT2 and
NT4) were synthesized with different surface fumicil groups and aspect ratios as shown in
Figure 1B. The morphology of nanotubes is showifrigure 2from both transmission and
scanning electron microscopy (TEM and SEM). Figwasand 2B clearly illustrate that the
silica-COOH nanotubes (NT1 and NT3, no surface tipg¥ have well-defined tubular
morphologies and different aspect ratios (1.16 0@, respectively). Figure 2C shows that
the silicag-(PLA-b-PEG) hybrid nanotubes (NT4) exhibit distinctiveubte-shell structure of
the tube walls due to different contrast of theftgdapolymers and inorganic silica materials.
The wall thickness of silica/polymer hybrid nanatgbis about 10-14 nm (Table 1). The
synthesized nanotubes are narrowly dispersed asnsimoFigure 2D. The physicochemical
properties of the as-synthesized nanotubes witleddageometry and surface properties are

summarized in Table 1.

PLA-b-PEG

H
—O—\Si\/\/N 2
—o \n/\/ DCC/IDMAP

Figure 1 (A) Schematic illustration of the synthesis of anmppiilic diblock copolymer
decorated silica nanotubes and (B) four types ottional nanotubes with different aspect
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ratio and surface properties (NT1 and NT3 are Isdiea nanotubes, NT2 and NT4 are
silica/polymer hybrid nanotubes, respectively).

EHT= 300V  WD= Smm

Figure 2 TEM images of the silica nanotubes with aspecorati(A) 1.16 and (B) 5.02; TEM
(C) and SEM (D) images of the silicatPLA-b-PEG) hybrid nanotubes with aspect ratio of
4.72. The scale bars are 100, 100, 50, and 200aspectively.

Table 1 Physiochemical properties of the PIDAPEG diblock copolymer-decorated
anisotropic silica nanotubes.

Entry? NT1° NT2 NT3 NT4
Ln (nm) 43.8 45.2 211.5 216.3
Dn (nm) 37.9 40.2 42.1 45.8




dn (nm) 10.1 11.0 12.1 13.7

Aspect Ratios 1.16 1.12 5.02 4.72
(ARs, L/Dy)

Surface
Functional -COOH  -PLAD-PEG -COCH -PLAL-PEG
Groups (F)
Cell Viability 49.4 56.2 63.8 71.1

& L. number-averaged length;,Q,: number-averaged outer and thicknesgD}: aspect
ratio; F: surface functional grouplhe statistic data is from TEM images.

To confirm the formation of covalent decorationRifA-b-PEG diblock copolymer on silica
surfaces, Figure 3 shows the FT-IR spectra of theyathesized nanotubes before and after
surface decoration of diblock copolymers. For thiessCOOH nanotubes, the absorption
band at around 3320 ¢his associated with the -OH stretching region fritve carboxylic
acid groups on the silica surfaces prior to surfalification. For silicag-(PLA-b-PEG)
hybrid nanotubes, the new absorption peaks at XrB® and 2881cil are due to the
characteristic stretching vibration of the -C=0 ye from PLA segments and -C-H
stretching bands of diblock copolymers.[41] As shaw Figure 4, the new chemical shifts of
5.18 ppm (peak 1) and 3.65 ppm (peak 2) in'theNMR spectrum of the silicg-(PLA-b-
PEG) hybrid nanotubes corresponds to the protams f#CH- and -CHCH,O- groups of PLA
and PEG segment, respectively. The FT-IR 44dNMR spectra indicate that the silica
nanotubes were decorated with PbAREG diblock copolymers. For the application of hgb
nanotubes in oral delivery, the outmost hydropEG segments of nanotubes can improve
their solubility and protect against immune resgondereas the PLA segments can serve as
a cleavable barrier once the nanotubes are detiverdo the targeting sites of tumors,

because of the breakup of ester groups in acid@mvient.[42]
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2 Silica-COOH Nanotubes
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Figure 3 FT-IR spectra of the silica-NHisilica-COOH and silicg-(PLA-b-PEG) nanotubes.

NT2 1 A M
NT1 \ k }
T T - T T T T T 1

8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)

Figure 4 *H NMR spectra of the nanotubes in CR®kfore and after decoration of PLA-
PEG diblock copolymers on surfaces.

The mesoporous structure of silica tubes was datedrby Brunauer-Emmett-Teller (BET)
adsorption-desorption isothermSupporting Information, Figure S3 and Table S2). The

pores in the silica wall have an average diaméeit& dnm and volume of 1.1-1.4 cc/g. The
grafting density of PLAblockPEG chains on the surface of silica nanotubes measured

from the weight loss of polymer chains in the thegnavimetric analysis (TGA, Figure 5),
and is calculated as 0.51 chains/nifihis surface grafting density is comparable tat th
reported in literature via the “grafting to” appobd43, 44]The average spacing between

neighboring chains then is approximately 1.4 nm miess than the diameter 3.7 nm of the
11



silica wall pores, ensuring that the PlbdeckPEG layer provides a physical barrier for the
diffusion of drug molecules carried inside the rnabes. The as-prepared siliggPLA-b-
PEG) hybrid nanotubes have a cavity of diameteura@ol0 nm for encapsulation,
mesoporous silica inner wall for diffusion and anppiiic PLA-b-PEG copolymer outer shell

as biocompatible barrier layer for sustained redeas

Leot
c
§e)
=
@ 60 |-
ko)
(14 NT2
5
S 40 | -
= S
31.0%
20
0 200 400 600 800 1000

Temperature (°C)

Figure 5 Thermogravimetric analysis (TGA) of the synthesibgtrid nanotubes at a heating
rate of 10C/min in N, (NT1 and NT2 are bare silica nanotubes and siasmer hybrid
nanotubes, respectively).

As a preliminary application, the synthesized al©€OOH and silica-(PLA-b-PEG)
nanotubes were tested for controlled drug releabkere the fluorescent probe Rhodamine 6G
was utilized as a model drug. The release cunas four kinds of nanotubes are shown in
Figure 6. The free Rh6G molecules without encapsuan nanotubes are rapidly released.
The release curves from the two bare silica-COOhRbtubes (NT1 and NT3, without diblock
copolymers on surfaces) are close and show abdt reease of Rh6G within 24 hours.
However, a sustained release dynamics of Rh6G Wwssreed for the silicg-(PLA-b-PEG)
hybrid nanotubes (NT2 and NT4). In contrast to thiabare silica-COOH nanotubes (NT1

and NT3), the release percentage of Rh6G from ¥Tdduced to around 40% over 48 hours.

It indicates that the PLA-PEG diblock chains provide a physical barriertfor diffusion of
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Rh6G, Meanwhile, the Rh6G molecules in longer Nadatubes show a slower release than

in NT2.
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Figure 6 Release dynamics of rhodamine 6G from the as-sgizid nanocontainers (NT1
and NT3 are bare silica nanotubes, NT2 and NT4 hgflerid nanotubes with diblock
copolymers on surface, respectively).

The cytotoxicity of the synthesized nanotubes wathér evaluated for NIH 3T3 fibroblast
cells. The outer diameter of all prepared nanotubeound 40 nm, much larger than the
cell-membrane thickness of about 5 nm, whereasdimeter of protein channel in cell
membranes is up to 3 nm, [45, 46] implying thatulat uptake of the nanotubes occurs via
endocytosis instead of translocation across membraiihe synthesized four types of
nanotubes were incubated with NIH 3T3 cells forhéfirs with the same concentration of
100 pg/mL. In Figure 7, the cellular cytotoxicitgmends on the nanocontainer shape and
surface properties.[26, 47, 48he nanotubes with higher aspect ratio lead to drigtell

viability and thus lower cytotoxicity (NT1 vs. NT8IT2 vs. NT4). The anisotropic nanotubes

decorated with amphiphilic diblock copolymers (N'BXhibit the lowest cellular eytoxicity.

To understand the cellular cytotoxicity resultse thhee energy cost for fully wrapping a

nanoparticle by cell membranes, which consistseniding and stretching ener&y. andEg;
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from membrane elastic deformation,[49] and adhesitergyz.q between the membrane and

nanopatrticle is calculated:

AG = Epe + Egt + €24 = 2k $(C — ¢)?dA + yA — g,4A (1)

Wherex is the membrane bending modulagndcy the mean and spontaneous curvatyre,

the membrane surface tensiédthe nanoparticle area ang the adhesion strength.

80

I 71.1
70 6%.8 JT.
S0l 56.2 1
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= 50}
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> 40+
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0
NT1 NT2 NT3 NT4
Nanotubes (NT)

Figure 7 Viability test of NIH 3T3 fibroblast cells incubatdor 48 hours with the four types
of nanocontainer at the same concentration ofubdL.

For NIH 3T3 cell membranes,= 3.0 x 10'°J,y = 5.9 x 10° N/m from experiments[50] and
we assumes, = 0. The probabilityp to fully wrap a nanoparticle is proportional toeth
Boltzmann weight €“*®T with ksT the thermal energy. In the cytotoxicity experinsent
cells are interacting with the same weight of nambgles (particle numbeN), and the
probability to cause the death of a cell might blated to the number of nanoparticles it

encapsulates via
1-v =1 (pN/n) (2)

Wherev is the cell viability ancpN/n is the average number of fully-wrapped nanopaticl
per cell. The functiorf generally increases witpN/n, while its exact form might be cell

specific.
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As shown in Figure 7, the bare silica nanotube)(‘did its hybrid counterpart with polymer
grafting (“h”), which have the same geometry bdtedent surface properties, yield nearly the
same cell viability v, implyingosNp, = pnNh. The TGA data in Figure 5 reveals a weight
percentage of 63% for the polymer shell on the aaet surfacess, sh/Ny, = 0.37. Our
physical argument leads f/pn, = 0.37 and thus\G, = AG, + kgT , suggesting that the
polymer decoration slightly increases the adhestangthe,s Figure 7 also shows that
longer nanoparticles (‘") lead to greaterthan shorter ones (“s”) with the same surface
chemistry, i.e.piN; < psNs. According to the geometry data in TabldN¥N, = 6, which gives
p/ps < 6. As a crude approximation, the nanotube issiciened as a spherocylinder of total
lengthL and diameteD, for whichEpe = 27k (L/D + 3) andEg; +éaq = 7LD (y — Eag). At €ag =
ead =2 (LID+3)/(LD)+y, AG = 0. We obtainea™=1.5 x 10° N/m for the NT1 and NT2
nanotubes, ane: ~ 6 x 10* N/m for NT3 and NT4, both larger than the strendjth x 10*
N/m of HIV virus binding to a cell membrane.[51]istreasonable to assumg<ead for our
nanotubes. In this cas&G > 0 increases with length, sop < ps, which is consistent with

our prediction ofy/ps < 6 obtained from the viability data.

Conclusions
A synthetic strategy of amphiphilic diblock copolgrrdecorated anisotropic silica nanotubes

which integrated anisotropic shape and surfacegrtgpias been demonstrated. The surface
decoration of PLA3-PEG diblock copolymers on anisotropic silica nabes can reduce the
leakage of active molecules from the bare silicata@ioers. It is due to the barrier effect of
grated polymers on container surfaces. The angiotr@ontainer with high aspect ratio and
diblock copolymer decoration on surfaces shows awgd/enhanced activities from the
sustained release and 3T3 fibroblast cellular oyiotty test. This study shows the
importance of integrating anisotropic shape anthserproperty in one nanocontainer, which
provides a comprehensive view for future sophisgtidacontainer/vehicles design in complex

biological systems. The optimized nanocontainetssgrve as promising building blocks for
15



oral delivery and cancer research.
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