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Crystallization-driven self-assembly (CDSA) was used to
prepare low dispersity segmented 1D nanoparticles from
an amphiphilic block copolymer, poly(dihexylfluorene)-
b-poly(ethyleneglycol). The cellular uptake of 85-95 nm
segmented triblock and pentablock 1D nanofibers bearing
folic acid and a BODIPY dye was studied, revealing that
nanofibers interact with the cell membrane end-on, and
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Polymer-based nanoparticles show substantial promise in the treatment and diagnosis of cancer and other
diseases. Herein we report an exploration of the cellular uptake of tailored, low dispersity segmented 1D
nanoparticles which were prepared from an amphiphilic block copolymer, poly(dihexylfluorene)-b-
poly(ethyleneglycol) (PDHF;3-b-PEG,,7), with a crystallizable PDHF core-forming block and a ‘stealth’
Segmented C-B-A-B-C
pentablock 1D nanofibers with varied spatially-defined coronal chemistries and a selected length (95 nm)

PEG corona-forming block with different end-group functionalities.

were prepared using the living crystallization-driven self-assembly (CDSA) seeded-growth method. As
the blue fluorescence of PDHF is often subject to environment-related quenching, a far-red BODIPY
(BD) fluorophore was attached to the PEG end-group of the coronal B segments to provide additional
tracking capability. Folic acid (FA) was also incorporated as a targeting group in the terminal C segments.
These dual-emissive pentablock nanofibers exhibited uptake into >97% of folate receptor positive Hela
cells by flow cytometry. In the absence of FA, no significant uptake was detected and nanofibers with
either FA or BD coronal groups showed no significant toxicity. Correlative light and electron microscopy
(CLEM) studies revealed receptor-mediated endocytosis as an uptake pathway, with subsequent
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Accepted 3rd July 2020 localization to the perinuclear region. A significant proportion of the nanofibers also appeared to interact

with the cell membrane in an end-on fashion, which was coupled with fluorescence quenching of the
DOI: 10.1035/d0sc02593c PDHF core. These results provide new insights into the cellular uptake of polymer-based nanofibers and

rsc.li/chemical-science suggest their potential use in targeted therapies and diagnostics.

practical terms, this means maintaining a modular, versatile
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Introduction

Nanoparticle-mediated therapeutics show considerable
promise in the diagnosis and treatment of a plethora of diseases
that affect human health, especially cancer.”” The delivery of
cargo such as drugs, proteins, imaging agents and nucleic acids
to specific locations inside cells in target tissue in the human
body however remains a major challenge,® despite their
considerable potential. The ideal nanoparticle delivery system
therefore has several requirements such as biocompatibility,*
high specificity,” and a high loading capacity,’ maximizing
efficacy whilst remaining as cost effective as possible. In

“School of Chemistry, University of Bristol, Bristol BS8 1TS, UK

*Department of Chemistry, University of Victoria, Victoria, BC VS8W 3V6, Canada.
E-mail: imanners@uvic.ca

°School of Chemistry and Chemical Engineering, Beijing Institute of Technology,
Beijing, China

School of Biochemistry, University of Bristol, Bristol BS8 1TD, UK

t Electronic  supplementary information (ESI) available. See DOI:
10.1039/d0sc02593c

1 8. T. G. S. and Y. H. contributed equally to this work.

§ Present address: Department of Chemistry, University of Victoria, Victoria, BC

V8W 3V6, Canada.

8394 | Chem. Sci, 2020, 11, 8394-8408

design whilst simultaneously exhibiting precise control over
nanoparticle size, shape, rigidity, and surface chemistry.”™* To
this end, 1D nanomaterials have attracted substantial recent
attention, with a wide range of potential advantages evidenced
over considerably more well-studied spherical systems such as
improved circulation,'? retention,'*** adhesion,'>'® specificity,"”
and cell uptake.*® The 1D shape has also been shown to enable
unique endocytosis mechanisms® involving improved
membrane wrapping® and reduced macrophage uptake (which
is length dependent)**** thereby offering the promise of
enhanced active targeting capabilities.

One of the most well-studied active targeting agents is Folic
Acid (FA), with several FA conjugates in clinical trials.>® FA is the
substrate for folate receptors such as FRo, which are overex-
pressed in numerous types of cancer, and have represented
a significant target for the delivery of tailored therapeutics.**” A
variety of anisotropic nanoparticles has been functionalized
with folic acid, such as polyacrylic acid-b-polystyrene spherical
and cylindrical micelles,”® gold nanorods,* and coordination-
complex nanotubes,*® with anisotropic particles displaying
features such as increased uptake over spheres,”® and disas-
sembly upon cellular internalization.* Other polymeric systems

This journal is © The Royal Society of Chemistry 2020
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that have used FA as a targeting agent include spherical micelles
and star-shaped polymers based on PLA’-** and spherical
micelles based on PCL.**3*

Recently, a seeded-growth approach termed ‘living’
crystallization-driven self-assembly (CDSA), has been developed
which allows access to a wide range of morphologically pure,
low dispersity 1D (and also 2D) core-shell nanomaterials.**®
Briefly, amphiphilic block copolymers (‘unimers’) with a crys-
tallizable core-forming block are dissolved in a ‘common’
solvent which is compatible with both blocks and the resulting
solution is then mixed with a ‘selective’ solvent which solvates
only one block (the corona-forming block). These conditions
yield polydisperse fiber-like micelles with an insoluble, sol-
vophobic crystalline-core and a solubilizing solvophilic corona,
via a self-nucleation mechanism. Sonication of the resulting
polydisperse fiber-like micelles causes fragmentation, yielding
small ‘seed’” micelles. Further addition of unimer to the seed
micelles leads to epitaxial growth and low dispersity micelles
with a length controlled by the unimer to seed ratio in a manner
analogous to a living covalent polymerization of molecular
monomers.*”” This process is uniquely suited towards the
generation of nanoparticles that are otherwise hard to access,
such as uniform 1D nanofibers,**** (and also 2D platelets)*****®
as well as more complex assemblies.”® For example, ‘living’
CDSA can also be used to generate hierarchical nanomaterials,
such as segmented nanofibers with spatially-defined functio-
nalizable regions,*****%*=? a5 well as random- and gradient co-
micelles by the sequential or simultaneous seeded growth of
different block copolymers with distinct coronal chemistries.**
Significantly, the ability to tailor surface chemistry in individual
regions allows for modular functionalization.>*>*

Despite the substantial recent progress made with self-
assembled nanomaterials formed via ‘living’ CDSA, the
majority of systems described so far have involved the use of
organic rather than aqueous media, limiting their potential for
biomedical applications. Only a few examples exist of the use of
‘living’ CDSA to prepare low dispersity fibers of controlled
length which can be dispersed in water. Several are based on
a crystallizable polyferrocenylsilane (PFS) core.*®** The Dove
and O'Reilly groups have reported the first example of ‘living’
CDSA in aqueous media based on a biocompatible and biode-
gradable polycaprolactone (PCL) core-forming block, thereby
accessing fibers with lengths of up to 800 nm.* In addition, we
recently reported the ‘living’ CDSA of a biocompatible poly-
carbonate core-forming block, with morphologically pure 1D
block co-micelles accessed with lengths up to ~1.6 um and
which are colloidally stable in aqueous media.** Despite these
advances, the application of functional nanoparticles produced
via CDSA to biomedicine remains a nascent field, requiring
much further development in areas such as scalability, incor-
poration of functionality, and biological activity.

Block copolymers with a crystallizable m-conjugated core
have also been shown to undergo ‘living’ CDSA.*** One such
class of m-conjugated materials is polyfluorenes (PFs),* which
exhibit strong luminescence, making them excellent candidates
for chemo/biosensors, diagnostics and imaging agents.®**
Whilst most work has focused on optoelectronic properties,

This journal is © The Royal Society of Chemistry 2020
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some studies have explored biological applications.®*** The
majority of studies have focused on the use of a conjugated PF
backbone, with charged side chains that provide aqueous
stability. The resultant polymers self-assemble into spherical
nanoparticles, with FA either covalently linked to the polymer,
leading to selective cell uptake® or electrostatically bound,
leading to FA dependent fluorescence quenching of PF.*®
Numerous examples also exist of PF containing cationic -
conjugated polymers for nucleic acid binding and the detection
of pathogens® whilst m-conjugated polythiophenes have also
been used for the delivery of nucleic acids to cells.*
Associated with the limited development of 1D fiber-like
micelles prepared by ‘living’ CDSA that are dispersible in
aqueous media,**?*>*»** a paucity of biological data currently
exists, with currently available studies largely limited to cyto-
toxicity experiments. Whilst polydisperse worm-like micelles
with amorphous cores have been investigated,” fundamental
questions remain regarding the in vivo and in vitro effects of low
dispersity polymer nanofibers in which the core is crystalline
and more rigid. It is noteworthy that, to date, there have only
been limited studies on the effect of 1D fiber length on cell
uptake,”*"'®7"7% with no reports on the behavior of polymer-
based nanofibers. Furthermore, there are very few examples of
easily functionalizable fiber-like micelles that are dispersible in
water. Fiber-like micelles with a m-conjugated PF core offer
bright fluorescence of potential interest for imaging, tracking
nanoparticles inside cells, and sensing. Herein we describe the
preparation of length-controlled, low dispersity 1D PDHF-b-PEG
(PDHF = poly(di(n-hexyl)fluorene), PEG = poly(ethyleneglycol))
nanofibers in aqueous media, and studies of their functionali-
zation, cytotoxicity, cellular targeting, uptake, and localization.

Results

Preparation of colloidally stable dual emissive PDHF triblock
and pentablock nanofibers in water

The PF block copolymer PDHF-b-PEG was selected in cellular
uptake studies because PEG is known as a ‘stealth’ polymer and
can provide biocompatibility as well as aqueous colloidal
stability. First, alkyne-terminated PDHF;; homopolymer was
prepared (M, = 4400 g mol ', DP = 13, determined via MALDI-
TOF MS, Py = 1.22, determined by GPC, Fig. S1t) via Grignard
metathesis (GRIM) polymerization using a previously described
procedure (Scheme S1}).”* Heterobifunctional PEG was
synthesized by mono-tosylation of HO-PEG,,,—OH (Fig. S2t)
and, after substitution of the tosylate for azide, the resulting
mixture of HO-PEG,,,-OH and HO-PEG,,,—N; was used
without further purification in the Huisgen 1,3-dipolar cyclo-
addition ‘click’ coupling with the alkyne-terminated PDHF,3
according to the previously reported method.” Excess HO-
PEG,49-OH was removed via precipitation to yield PDHF;;-b-
PEG,,- (Fig. 1A, M, = 29 900 g mol ', Py, = 1.12 determined by
GPC, block ratio determined by 'H-NMR, Fig. $3 and S4f).
While the m-conjugated PDHF core of the PDHF,3-b-PEG,,;,
micelles is inherently fluorescent, in biological systems the blue
emission is subject to fluorescence quenching upon interaction
with a variety of species,®®”® and will also compete with
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A Structure of functionalized PDHF-b-PEG used in this study
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Fig.1 (A) Structure of functionalized PDHF-b-PEG diblock copolymers used in this study. (B) Schematic representation of the preparation of low
dispersity PDHF;3-b-PEG,,7 nanofibers produced through ‘living’ CDSA. (C) Transmission electron microscopy (TEM) images of (i) polydisperse
nanofibers. (i) Seed nanofibers (L,: 21 nm, Ly /L.: 1.07, o, = 8 nm). (iii) Triblock nanofibers in MeOH/THF (1:1, L, = 56 nm, L, /L, = 1.09,
g, =18 nm), and (iv) pentablock nanofibers in H,O (L, = 95 nm, L,/L, = 117, ¢, = 39 nm, W,, = 13 nm, W,,/W,, = 1.02, 6,y = 2 nm). Samples were
prepared at 0.5 mg mL™%.

background cell autofluorescence. Thus, to supplement the The far-red BODIPY®**%5°* (BD) fluorophore (lex = 630 nm,

results from PDHF fluorescence, we also introduced a far-red A, = 650 nm, excitation/emission in superscript) was selected
fluorophore to allow for an additional tracking capability. to attach to the PEG terminus (Fig. 1A). This was achieved by
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(A) Schematic representation and (B and C) TEM micrographs of BD—PEG—-BD triblock nanofibers in (B) THF/MeOH (1: 1, L, = 113 nm,

Lw/Ly = 110, ¢, = 36 nm) and (C) water (L, = 85 nm, L,/L, = 119, ¢, = 38 nm, W,, = 11 nm, W,,/W, = 1.02, oy = 2 nm). (D) Schematic
representation and (E and F) TEM micrographs of FA-PEG—FA triblock nanofibers in (E) THF/MeOH (1 : 1, L, =105 nm, L,,/L, = 1.05, 6, = 12 nm)
and (F) water (L, = 90 nm, L,/L, = 1.11, 6, = 30 nm, W,, = 12 nm, W,,/W,, = 1.02, oy = 2 nm). Samples were prepared at 0.5 mg mL~%

using the terminal hydroxyl group of the PEG block for further
chemical functionalization (Scheme S1t). Condensation of
PDHF,3-b-PEG,,, with Boc-B-alanine, followed by Boc depro-
tection yielded a terminal amine residue, which was then
further modified with the BODIPY**”®***  N-hydrox-
ysuccinimide (NHS) ester to yield an end-functionalized, dual-
emissive PDHF3-b-PEG,,; polymer, termed PDHF,3-b-PEG 7~
BD (Fig. 1A). The ability to functionalize the corona chain end
with an amine also allowed us to employ amide coupling
chemistry to attach targeting moieties for the active uptake of
nanofibers into a target environment or cell type via receptor-
mediated endocytosis. To this end, we first selected FA as our
targeting group of choice as it is well established that folate
receptors are over-expressed in many different types of cancer,
with several treatments involving folate targeting undergoing
clinical evaluation such as vintafolide.*® Thus, we adapted the
chemistry developed for attaching the BD dye to the PEG chain
terminus, instead attaching an N-hydroxysuccinimide activated
FA derivative (Scheme S171). This yielded FA functionalized
PDHF,;-b-PEG,,,, termed PDHF,;-b-PEG,,,~FA (Fig. 1A).
According to previous studies, dimensions of ca. 10-100 nm
represent the most desirable size range for nanoparticles to be
used as drug delivery vectors, as this leads to optimum circu-
lation in the bloodstream. Objects within this size regime are
sufficiently large to avoid renal and lymphatic clearance, yet
sufficiently small to avoid opsonization.>”® Therefore, we aimed

This journal is © The Royal Society of Chemistry 2020

to prepare low dispersity 1D fiber-like micelles of PDHF-b-PEG
with lengths of =ca. 100 nm in this study. By comparison,
assuming a chain-extended structure for the PDHF segment as
previously found,” the core cross-section of the PDHF,,-b-
PEG,,, 1D fibers is 65 nm?> (Wn x H, = 13 X 5 nm, where W,
and H, are the number average width and height respectively).
The ability to prepare segmented nanofibers via living CDSA
should also yield advantages for the optimal presentation of
targeting groups (such as FA) and cargo (such as BODIPY***/%**
%) as well as facilitating modular nanoparticle construction. To
avoid complications with the self-assembly process, unfunc-
tionalized PDHF,;-b-PEG,,, was used to form the initial seed
micelles, after which the PDHF,;-b-PEG,,,—BD and/or PDHF ;-
b-PEG,,,-FA unimers were added sequentially to create
segmented nanofibers. To facilitate optimum cellular uptake,
the segmented nanofibers were designed to possess terminal
PDHF,;-b-PEG,,,-FA blocks, as previous work has revealed that
receptor mediated endocytosis of 1D nanomaterials occurs
primarily through association of the nanoparticle tip with the
cell membrane.”

The nanofibers were prepared via the seeded-growth method
(Fig. 1B). Briefly, polydisperse PDHF, 3-b-PEG,,, nanofibers were
formed by the addition of MeOH to a solution of PDHF;;-b-
PEG,,; in THF and aged for 24 h (Fig. S5A}). Seed nanofibers
(L, = 21 nm, Ly/L, = 1.07, 0 = 8 nm) were prepared by soni-
cation of the resultant polydisperse nanofibers for 3 h at 22 °C

Chem. Sci., 2020, 11, 8394-8408 | 8397
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in MeOH/THF (1 : 1, Fig. S5B and C%). Addition of PDHF,;-b-
PEG,,,-BD unimer to the seed nanofibers in MeOH/THF yiel-
ded intermediate (PDHF;3-b-PEG,,,~BD)-m-(PDHF;3-b-PEG,,,-
OH)-m-(PDHF;3-b-PEG,,,-BD) dual-emissive B-A-B triblock
nanofibers (L,, = 56 nm, Ly/L, = 1.09, ¢ = 18 nm, Fig. 1C and
S6AT). Further addition of PDHF,3-b-PEG,,,-FA unimer to the
triblock nanofibers yielded (PDHF;3-b-PEG,,,~FA)-m-(PDHF;;-
b-PEG,,,-BD)-m-(PDHF3-b-PEG ,,—OH)-m-(PDHF; 3-b-PEG 55—
BD)-m-(PDHF,3-b-PEG,,,-FA) C-B-A-B-C pentablock nano-
fibers (L, = 117 nm, Ly/L, = 1.05, 0 = 25 nm, termed FA-BD-
PEG-BD-FA pentablock nanofibers), bearing both fluorescence
and active targeting capabilities (Fig. 1C and S6BY). The FA-BD-
PEG-BD-FA pentablock nanofibers consisted of a 21 nm central
segment with a PEG corona derived from the seed, 18 nm inner
BD functionalized blocks, and 31 nm outer FA functionalized
blocks, and were transferred into aqueous media for future
experiments by dialysis from MeOH/THF (1:1), with a very
small amount of fragmentation observed based on the slight
increase in dispersity and reduction in average length as
measured by TEM (L, = 95 nm, Ly/L, = 1.17, o of length
(0z) = 39 nm, Fig. S6C-E,t W, = 13 nm, W,,/W,, = 1.02, ¢ of
width (o) = 2 nm, Fig. S7Af).

To assess the effects of both FA and BD on cell uptake, tri-
block comicelles containing solely BD or FA functionalization
were required as controls. To ensure that results were compa-
rable to those obtained for pentablock nanofibers with both BD
and FA decorated segments, and to ensure that nanofiber
length was not a variable affecting results, we aimed to produce
nanofibers with lengths comparable to the FA-BD-PEG-BD-FA
pentablock nanofibers prepared previously. Addition of
PDHF, 3-b-PEG,,,-BD unimer to seed nanofibers (L,: 21 nm,
Lo/Ly: 1.07, 0, = 8 nm) yielded (PDHF;3-b-PEG,,,~BD)-m-
(PDHF, 3-b-PEG,,,~OH)-m-(PDHF, ;-b-PEG,,,-BD) dual-emissive
B-A-B triblock co-micelles termed BD-PEG-BD triblock nano-
fibers (L,, = 113 nm, L,,/L, = 1.10, ¢, = 36 nm, Fig. 2A and B and
S8AT). BD-PEG-BD triblock nanofibers were transferred into
aqueous media by dialysis from MeOH/THF (1 : 1), with a very
small amount of fragmentation observed (L, = 85 nm,
Ly/L, = 1.19, ¢, = 38 nm, W, = 11 nm, W,/W, = 1.02,
ow = 2 nm, Fig. 2C, S7B and S8B and Ct). In a similar manner,
(PDHF, 3-b-PEG ,,-FA)-m-(PDHF, ;-b-PEG,,,-OH)-m-(PDHF 5-b-
PEG,,,-FA) triblock co-micelles (termed FA-PEG-FA triblock
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nanofibers) were prepared from PDHF;3-b-PEG,,, seed micelles
(Ln, = 42 nm, L,/L, = 1.07, g, = 12 nm, Fig. S9AY), with an
average length of 105 nm (L,/L, = 1.05, o, = 24 nm) before
dialysis in THF/MeOH (1: 1, Fig. 2D and E) and an average
length of 90 nm (L,/L, = 1.11, 6, = 30 nm, W, = 12 nm,
WalWy, = 1.02, gy, = 2 nm) after dialysis into water (Fig. 2F, S7C
and S9B-Et).

UV/vis absorption and fluorescence profiles of PDHF, 3-b-
PEG,,, nanofibers

The absorption and fluorescence profiles of BD-PEG-BD and
FA-PEG-FA triblock nanofibers, and FA-BD-PEG-BD-FA pen-
tablock nanofibers in water and PBS were investigated prior to
cellular experiments (Fig. S10-S14f). The absorbance and
fluorescence excitation profile for all nanofibers exhibited
a Amax Of 375 nm, closely matching previously reported spectra
for PDHF in organic solvents.”*”® The emission profiles of BD-
PEG-BD triblock nanofibers and FA-BD-PEG-BD-FA penta-
block nanofibers both exhibited a peak at 650 nm, which
corresponds to the BD dye (Fig. S10B and Ct). The excitation
profile for the emission of BD at 650 nm matched the excitation
of PDHF, indicative of Forster resonance energy transfer (FRET)
between the w-conjugated PDHF core and the BD dye. As FRET
interactions are very sensitive to distance,” the results indicate
that the BD dye is in close proximity (within ca. 10 nm) to the
PDHF core in water and is presumably located near the core-
corona interface. Confocal Laser Scanning Microscopy (CLSM)
and fluorescence measurements in PBS and cell media revealed
that both PDHF and BD can be tracked in complex media for
use in cell uptake studies (Fig. 3, S13 and S147).

Cellular uptake of BD-PEG-BD triblock nanofibers

We sought to utilize the dual-emissive nature of BD-PEG-BD
triblock nanofibers to investigate if untargeted PDHF nano-
fibers were capable of cellular uptake. Investigations began by
incubating the same low dispersity 85 nm BD-PEG-BD triblock
nanofibers (Ly/L, = 1.19, ¢, = 38 nm) with HeLa cells for 1 h at
a concentration of 50 ug mL ™. After incubation, the cells were
fixed, and the nucleus was stained with DAPI (4/,6-diamidino-2-
phenylindole), the F-actin was stained with Alexa Fluor 488
Phalloidin, and the cells were imaged using CLSM. The results

Fig. 3 CLSM images of the dual-emissive FA-BD—PEG-BD—FA pentablock nanofibers (100 pug mL™) in MEM cellular medium with 10% FBS. (A)
Blue channel from PDHF core (Aex = 405 nm, A = 415-478 nm); (B) red channel from BD fluorescence (Aex = 633 nM, e = 640-700 nm); and
(C) overlay of (A) and (B) showing correlation of red and blue fluorescence. Scale bars correspond to 2 um.
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Fig. 4

(A—D) CLSM maximum intensity projections of live HelLa cells after 30 minutes exposure to FA-BD-PEG-BD—FA pentablock nanofibers

(10 ng mL™%, L, = 95 nm, Lu/L, = 117, o, = 39 nm). (A) Blue channel from PDHF core (Aex = 405 NM, Aem = 415-478 nm). (B) Brightfield
transmitted light channel. (C) Red channel from BD fluorescence (Aex = 633 Nnm, Ay = 640-700 nm). (D) Overlay of images (A-C). (E-H) CLSM
maximum intensity projections of fixed Hela cells after 1 h exposure to the dual-emissive FA-BD-PEG-BD-FA pentablock nanofibers
(50 ng mL™Y). (E) Nucleus stained with DAPI. (F) F-Actin stained with Alexa Fluor 488 Phalloidin. (G) BD fluorescence from FA-BD—-PEG-BD—-FA
pentablock nanofibers. (H) Overlay of images (E-G). All scale bars correspond to 20 um.

(Fig. S157) revealed that limited intracellular fluorescence was
observed upon excitation for the BD fluorophore (Aex = 633 nm,
Aem = 640-700 nm) for cells incubated with BD labeled nano-
fibers over the fluorescence arising from control cells which had
not been exposed to any nanofibers. These results, which
implied that BD-PEG-BD triblock nanofibers are not internal-
ized by cells, were confirmed by live cell imaging (Fig. S16A-F),
where incubation of the BD-PEG-BD triblock nanofibers with
HelLa cells for 45 minutes at a concentration of 50 pg mL™ " also
led to similar results, with no observable emission from either
PDHF or BD. Finally, similar live cell experiments were con-
ducted with BD-PEG-BD triblock nanofibers where the super-
natant was left in suspension over the cells for 1 h before
imaging. The results from this experiment (Fig. S16G-It)
revealed that the fluorescence from the BD fluorophore was
located extracellularly, confirming the successful visualization
of the BD labeled nanofibers in the presence of cells. Taken
together, these results indicate that BD-PEG-BD triblock
nanofibers with a neutral PEG corona alone are incapable of
being internalized by the cells studied, and that the introduc-
tion of active targeting (in the form of FA) is required to enable
cellular internalization to take place.

Cellular uptake of folic acid-decorated dual-emissive PDHF-b-
PEG nanofibers

In order to investigate whether the addition of FA to PDHF;3-b-
PEG,,, nanofibers facilitates cellular uptake, dual-emissive FA-
BD-PEG-BD-FA pentablock nanofibers (10 upg mL™",
L, =95nm, L/L, = 1.17, 0, = 39 nm) were incubated with HeLa

This journal is © The Royal Society of Chemistry 2020

cells, and imaged via live cell CLSM. After 30 minutes incuba-
tion, significant uptake of FA-BD-PEG-BD-FA pentablock
nanofibers was observed (Fig. 4A-D). While negligible fluores-
cence was observed in the blue channel for PDHF, there was
significant fluorescence observed from BD. The punctate fluo-
rescence appeared to be within the cell throughout the cytosol,
concentrated around the perinuclear region, whilst little uptake
was observed in a central region, presumably the nucleus. The
observed fluorescence around the perinuclear region may
correspond to nanofibers that are located around the nuclear
membrane. Further experiments with cells where the nucleus
was labelled with DAPI, and the F-actin labelled with Alexa Fluor
488-Phalloidin (Fig. 4E-H) confirmed that little fluorescence is
found within the nucleus, implying that FA-BD-PEG-BD-FA
pentablock nanofibers are unable to localize in that region.
Examination of z-stack data of both fixed and live cells
(Fig. S171) revealed that the punctate fluorescence was located
within the cell, rather than on the surface, indicating that the
nanofibers are internalized inside the cell and are not attached
to the exterior of the plasma membrane. Fluorescence
quenching of the PDHF core of the nanofibers was also
observed (see ESI Page S3+).

Next, to quantitatively probe the cellular uptake of FA-BD-PEG-
BD-FA pentablock nanofibers and compare this to BD-PEG-BD
triblock nanofibers lacking FA, we undertook flow cytometry
experiments with HeLa cells (Fig. 5 and Table S1t). After 45
minutes of incubation with BD labelled nanofibers either bearing
FA (L, = 95 nm, L,/L, = 1.17, 0, = 39 nm) or lacking FA
(L, = 85 nm, Ly/L, = 1.19, o, = 38 nm), cells were detached with

Chem. Sci., 2020, 11, 8394-8408 | 8399
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Fig. 5 Representative flow cytometry data from experiments with either control cells (no nanofibers added, (A and D) or with dual-emissive
PDHEF triblock (without FA, (B and E)) and pentablock (with FA, (C and F)) nanofibers. (A—C) Double scatter plots of side scattering (y-axis) versus
forward scattering (x-axis), and (D—F) fluorescence intensity distributions (in logarithmic scale on x-axis) versus cell count (y-axis) following BD
fluorescence (Aey = 633 NM, Aem = 660/20 nm) of HeLa cells after 45 minutes exposure to either nothing (control, (A and D)), or 50 ng mL~* of BD
labelled nanofibers either without FA (B and E), or with FA (C and F). (G) Normalized (relative to % control) median fluorescence intensity of BD
fluorescence (expressed as mean of all live cells, error is g). Cells exposed to fibers without FA have median fluorescence comparable to control
cells, whilst cells exposed to fibers with FA exhibit a 1660% increase in fluorescence intensity per cell. (H) Overlay of BD fluorescence intensity
histograms from (D—F) (x-axis) vs. cell count (y-axis) illustrating that FA is essential for the uptake of PDHF;3-b-PEG,,7 nanofibers. (I) Histogram of
side scattering (x-axis) vs. cell count (y-axis). No changes were observed for any sample. (G-1) Control is red, 85 nm triblock nanofibers without
FA are light blue, and 95 nm pentablock nanofibers with FA are yellow. Numbers in the legends refer to the geometric mean. For more infor-
mation, see Table S1, Fig. S18 and S19.1

Accutase® and counted via flow cytometry. After gating sequen-
tially for cells, single cells, and live cells, the remaining cells were
gated for either BD fluorescence (Aex = 633 nm, Aey = 660/20 nm)
or PDHF fluorescence (Aex = 405 nm, Ay, = 450/50 nm). Results for

85 nm BD-PEG-BD triblock nanofibers indicated that they were
not uptaken by the cells, as BD fluorescence was equal to that of
control HeLa cells that had not been exposed to any nanofibers. In
contrast, results for 95 nm FA-BD-PEG-BD-FA pentablock

8400 | Chem. Sci,, 2020, 1, 8394-8408 This journal is © The Royal Society of Chemistry 2020
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Fig. 6

(A—D) CLSM images of Hela cells expressing GRASP65-GFP after 10 minutes incubation at 4 °C with FA-BD-PEG-BD-FA pentablock

nanofibers (50 pg mL™Y, Lp = 95 nm, Ly/L, = 1.17, o, = 39 nm). (A) Fluorescence from GRASP65-GFP labelled Golgi apparatus. (B) Brightfield
transmitted light channel. (C) Red channel from BD fluorescence (Aex = 633 NnmM, Aem = 640-700 nm). (D) Overlay of images (A-C). (E-H)
Representative transmission electron microscopy images of the same cells, after processing. Highlighted in blue are examples of FA-BD-PEG-
BD-FA pentablock nanofibers bound to the membrane, with a higher than expected number exhibiting end-on interactions with the cell
membrane (e.g. in (H)). Highlighted in yellow are the electron-dense fragments observed around the periphery of the cells, which we hypothesize
are nanofiber fragments. Scale bars for (A-D) correspond to 20 um, while (E-H) correspond to 500 nm.

nanofibers revealed a shift in BD fluorescence, with >99% of the
cells counted (>10 000) in every repeat displaying a significant
increase in BD fluorescence (Fig. 5H). The increase in BD fluo-
rescence over control HeLa cells observed in ~100% of the cells
counted implies that the addition of FA to the periphery of the
terminal segments of the corona of the nanofibers successfully
facilitates cellular uptake. Furthermore, because nanofibers
without FA do not undergo internalization, the uptake should be
entirely dependent on the presence (or absence) of folate receptors
on the target cell, opening up the possibility of using PDHF
nanofibers for the targeted imaging or delivery of therapeutics for
diseases such as cancer. Analysis of the median fluorescence
intensity of each cell (Fig. 5G) revealed that for fibers without FA,
median fluorescence was comparable to control HeLa cells (149%
of control) whereas fibers with FA exhibited a ca. 1660% increase in
fluorescence intensity. The large increase in median fluorescence
intensity for fibers with FA is further evidence for their uptake into
cells. Nanoparticle uptake can also be measured by changes in side
scattering from flow cytometry,* however no significant differ-
ences in side scattering were observed for any of the experiments
conducted on these nanofibers (Fig. 5I).

Investigations into uptake pathway and intracellular
localization

Intrigued by the differences between PDHF and BD fluores-
cence, we attempted to further investigate the cellular uptake
pathway of FA-BD-PEG-BD-FA pentablock nanofibers via
correlated CLSM and electron microscopy (CLEM) on cells

This journal is © The Royal Society of Chemistry 2020

cooled to 4 °C. At this temperature, active transport mecha-
nisms are considerably slowed down. Thus, if internalization
still occurs it is likely to proceed through temperature-
independent invagination, whereas if the nanofibers are
only bound to the outer cell membrane then uptake is likely to
occur through one of the many active transport mechanisms.
Considering that the FA-BD-PEG-BD-FA pentablock nano-
fibers discussed here are decorated with FA, one might
assume that uptake occurs through receptor-mediated endo-
cytosis, as reported for other FA  decorated
nanoparticles,>3-26:6%.67,81-86

Our initial experiments involved the addition of FA-BD-
PEG-BD-FA pentablock nanofibers (50 pg mL™', L, = 95 nm,
Ly/L, = 1.17, 6, = 39 nm) to HeLa cells expressing GRASP65-
GFP (that contain GFP labelled Golgi apparatus as a refer-
ence)® on ice. After 10 minutes of incubation (which should
allow for association between FA residues and folate receptors
on the cell surface), cells were imaged via CLSM. Results
(Fig. 6A-D) indicated that BD fluorescence was observed
partially inside cells as well as around the cell membrane (e.g.
Fig. 6C), which was interesting as uptake of FA-BD-PEG-BD-FA
pentablock nanofibers at 4 °C was unexpected, potentially
pointing to two different uptake mechanisms operating.

TEM analysis of 70 nm slices of the cells revealed individual
nanofibers interacting with the cell membrane, as well as
smaller electron-dense anisotropic particles proximal to the cell
membrane (Fig. 6E and H, S20 and S21%). Analysis of the
lengths and widths of these electron-dense anisotropic particles
(Fig. S227) revealed a L,, of 19 nm (L,,/L, = 1.11, ¢;, = 6 nm) and

Chem. Sci., 2020, 1, 8394-8408 | 8401
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(A) Low magnification TEM micrograph of Hela cells expressing GRASP65-GFP following 10 minutes incubation at 4 °C with FA-BD—

PEG-BD-FA pentablock nanofibers (50 ug mL™%, L, = 95 nm, L,,/L, = 1.17, 6, = 39 nm). (B) CLEM overlay of a high-resolution composite TEM
micrograph (16 individual micrographs) and a CLSM z-slice image (following BD fluorescence) of the cell highlighted in (A). The overlay correlates
BD fluorescence with the nanofibers and possible fragments observed via TEM. (C and D) Magnification of part of the perinuclear region of (B),
highlighting intact nanofibers inside endosomes (circled yellow), fragments inside endosomes (circled green), free intact nanofibers (circled red),
and free fragments (circled purple). Scale bars correspond to 5 um for (A) and (B), and 1 um for (C) and (D). For more information, see Fig. S23 in

the ESI.+

a W, of 10 nm (Ly/L, = 1.14, oy = 4 nm), values that are
comparable to the dimensions expected for the PDHF core.” We
hypothesize that the anisotropic electron-dense particles
observed may correspond to fragments of PDHF;;-b-PEG,,5
nanofibers, and they will be referred to as ‘fragments’ hence-
forth. It is important to note that whilst the fragments observed
closely match the BD fluorescence in CLSM data, their small
size and shape (10-20 nm) also closely match those of other
natural cellular structures such as ribosomes, glycogen gran-
ules, and nucleosomes, preventing definitive assignment via
TEM. Further evidence for the fragmentation of nanofibers
upon cellular internalization was provided by TEM micrographs
where a lower contrast ‘corona’ (Fig. S21,f red circle) was
observed around the nanofibers, which appeared to be associ-
ated with cleavage (Fig. S21,T green circle).

Further analysis of cell slices of a single cell imaged via
CLEM revealed both intact FA-BD-PEG-BD-FA pentablock
nanofibers and fragments throughout the cell, concentrated

8402 | Chem. Sci., 2020, 11, 8394-8408

around the perinuclear region (Fig. 7 and S23t). Intact nano-
fibers were observed inside endosomal-like vesicles (Fig. 7,
circled yellow and Fig. S237), alongside fragments (Fig. 7,
circled green), which may correspond to late endosomes.*® Free
intact nanofibers (Fig. 7, circled red) and free fragments (Fig. 7,
circled purple) were also both observed inside the cytosol. The
presence of intact nanofibers inside endosomes is consistent
with receptor-mediated endocytosis being an active uptake
pathway for these FA decorated nanofibers. The presence of
intact nanofibers and fragments in the cytosol, as well as the
enrichment of fragments inside endosomes raises questions
about the endosomal escape of the materials, as well as other
potentially active endocytosis mechanisms that may be oper-
ating. Transmembrane penetration by passive diffusion of
nanoparticles has been reported,® and may be a second inter-
nalization pathway in operation for these nanofibers, given the
uptake detected at 4 °C via CLSM. Statistical analysis of the
lengths of the intact nanofibers that were observable inside

This journal is © The Royal Society of Chemistry 2020
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a single cell revealed 446 individual nanofiber-like objects
(excluding fragments), with lengths averaging 115 nm
(Lw/Ly = 1.12, 0, = 40 nm, Fig. S24 and Table S27). This length is
very similar to that for FA-BD-PEG-BD-FA pentablock
nanofibers before cellular experiments (95 nm, Ly/L, = 1.17,
o, = 39 nm), providing further evidence for their identity. The
fibers and fragments observed via TEM correlate with the
intracellular localization of BD fluorescence observed via CLSM
for CLEM experiments (Fig. 7B), and suggest that FA-BD-PEG-
BD-FA pentablock nanofibers interact with the cell membrane,
leading to receptor-mediated endocytosis, and nanofiber frag-
mentation. Dalhaimer et al.*® also observed fragmentation of
multimicrometer long polymeric worm-like micelles upon
cellular uptake, although the resulting fragments were still up
to ca. 500 nm in length. The number of intact anisotropic
particles observed (446) also provides a rough indication for
how many nanofibers may be uptaken by an individual cell. If
nanofiber fragmentation is taken into consideration, this
number is likely to be higher.

Observations of membrane-bound FA-BD-PEG-BD-FA pen-
tablock nanofibers during experiments at 4 °C revealed a larger
than expected fraction of nanofibers interacting with the cell

View Article Online

Chemical Science

membrane through end-on interactions (several examples are
circled in blue in Fig. 6E and H, and further cases in Fig. S207).
This end on interaction mode should be statistically of low
frequency if particle anisotropy had no effect on membrane
binding. Thus, these images suggest that FA-BD-PEG-BD-FA
pentablock nanofibers favor interaction with the cell membrane
through an end-on binding mode. Analysis of the entry angle
observed between FA-BD-PEG-BD-FA pentablock nanofibers
and the cell membrane observed via TEM revealed two distri-
butions, centered around 90° and 165° respectively (Fig. 8 and
S257). These correspond to nanofibers which are either ‘end-on’
(~90°, Fig. S25A%) or ‘side-on’ (~165°, Fig. S25Ct). Such modes
have been investigated previously, both theoretically (for
generic rod-like nanoparticles),’*® and experimentally (for
carbon nanotubes),” and have been reported to be facilitated
through increased membrane wrapping of 1D materials, owing
to the effects of stiffness, length, and aspect ratio on the uptake
mechanism.”***

Analogous CLEM experiments where HeLa cells expressing
GRASP65-GFP were incubated with FA-BD-PEG-BD-FA penta-
block nanofibers for 90 minutes at 22 °C (after association at 4
°C) revealed electron rich fragments and intact nanofibers
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Fig. 8

(A) Histogram of the entry angle of FA-BD-PEG-BD-FA pentablock nanofibers to the cellular membrane (N = 104, blue) and cumulative

frequency of observed entry angles (orange). (B) First derivative of the cumulative frequency of the observed nanofiber entry angle with cells,
revealing two distributions, centered around 90° and 165° respectively. These correspond to ‘end-on’ (90°, perpendicular) and ‘side-on’ (~180°,
parallel) binding modes with the cellular membrane. (C) Schematic representation of the two major proposed association methods: ‘end-on’ (A)
and ‘'side-on’ (B). Transition between the two states may be possible, with ‘end-on’ nanofibers undergoing cellular internalization. Measurement
of entry angle was conducted using Fiji software (ImageJ) with examples in Fig. S25.7
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located around the perinuclear region via TEM micrographs of
the resulting cell slices (Fig. S26 and S2771), which correlated
with the fluorescence observed via CLSM when data is overlaid
(Fig. S26B and Ct). The localization of these intact nanofibers
and objects via TEM correlates with the fluorescence observed
from BD around the perinuclear region, and supports the
hypothesis that the anisotropic particles correspond to FA-BD-
PEG-BD-FA pentablock nanofiber fragments. Finally, to
confirm that these results were not due to interference from the
presence of the BD dye, FA-PEG-FA triblock nanofibers
(100 pg mL™* or 500 pg mL™ ', L, = 90 nm, L,/L, = 1.11,
o, = 30 nm) were incubated with HeLa cells for 5 minutes and
75 minutes respectively, prepared as before, and imaged via
TEM (Fig. S28 and S297). Whilst some intact nanofibers were
observed in TEM micrographs of HeLa cells exposed to
100 pg mL~" of FA-PEG-FA triblock nanofibers for 5 minutes
(Fig. S28,1 circled red), fragments and clusters were also
observed throughout the cell (Fig. S28,T circled blue), including
inside endosomes/lysosomes (Fig. S28,7 circled green). Results
from HelLa cells exposed to 500 pg mL ™" of FA-PEG-FA triblock
nanofibers for 75 minutes also revealed intact nanofibers and
fragments throughout the cell, as well as inside endosomes/
lysosomes (Fig. S291). There appeared to be an increase in the
number of fragments present, which is in accordance with the
higher concentration of FA-PEG-FA triblock nanofibers leading
to a higher number of fragments inside the cell. Analysis of the
small electron-rich fragments present in HeLa cells exposed to
100 ug mL™ " of FA-PEG-FA triblock nanofibers for 5 minutes
revealed a length of 26 nm (L,, = 26 nm, Ly/L,, = 1.09, 0, = 8 nm)
and a width of 12 nm (W,, = 12 nm, W,,/W,, = 1.04, oy = 3 nm,
Fig. S3071), in close agreement with the measured width of FA-
PEG-FA triblock nanofibers (W, = 12 nm, W,/W, = 1.02,
ow = 2 nm).

In summary, our results indicate that FA functionalized
PDHF,;-b-PEG,,, nanofibers appear to interact with the cell
membrane at either a 90° (perpendicular) or 165° (parallel) angle
of contact, with perpendicular fibers appearing to undergo
cellular internalization whilst parallel fibers are either not inter-
nalized, or shift to a perpendicular orientation before entering
the cell.”” Upon cellular internalization, we hypothesize that some
of the nanofibers fragment into ~20 nm long particles. Both
intact nanofibers and fragments were observed inside cells, as
well as intact nanofibers inside endosomes, indicating receptor-
mediated endocytosis is one active uptake mechanism, but
passive diffusion may also be operational. Localization primarily
occurs to the perinuclear region however nanofibers and frag-
ments were observed throughout the cell.

Discussion

Precision functional, modular PDHF nanofibers for
biomedical applications

In this work we have demonstrated the formation of 95 nm
pentablock co-micelles with an average segment length of only
19 nm, which is close to the lower limit for the lengths of 1D
nanomaterials produced via living CDSA to date. This repre-
sents the highest density of segments produced in a polymer

8404 | Chem. Sci, 2020, N, 8394-8408

View Article Online

Edge Article

nanofiber to date. In principle, the highly modular nature of the
synthetic route to end-group modification of the PDHF-b-PEG
polymer allows for a diverse range of targeting groups, imaging
agents, and cargo such as drugs to be incorporated into the
nanofibers. As a proof of concept, we have taken FA; one of the
most well-studied ligands for targeted drug delivery to cancer
cells. We have produced two sets of PDHF,;-b-PEG,,, nano-
fibers: those with FA, and those lacking FA. Both nanofibers
have a neutral PEG corona which should confer the nanofibers
with ‘stealth’ properties. Overall, these results show that
complex nanomaterials can be prepared using living CDSA on
a length-scale appropriate for biological applications and
provide a method for precisely tailoring surface chemistry in
small nanoparticles.

Cellular uptake of untargeted vs. targeted PDHF-b-PEG
nanofibers

Initial CLSM experiments on PDHF;3-b-PEG,,; nanofibers
lacking FA revealed that, while no discernable cytotoxicity was
detected (see ESI Page S2, Fig. S31, S32 and Tables S3-S6, see
ESIf for results and discussion), no cellular uptake was
observed over a 1 h period either. This result was reinforced by
flow cytometry experiments, which revealed basal levels of BD
emission, on a par with untreated control cells. One plausible
explanation is that a longer time period is required before
significant uptake will be observed, as the internalization of
neutral PEG-coated gold nanorods was observed to occur over
a 24 h period,* though uptake after 24 h was only 2% of the total
added. CLSM indicated that FA-mediated nanofiber uptake
occurs within 30 minutes, leading primarily to localization in
the perinuclear region. Flow cytometry allowed for a compar-
ison of the uptake efficiency of targeted vs. untargeted nano-
fibers, with >99% of HeLa cells exhibiting uptake of FA
decorated nanofibers, versus <1% of HeLa cells for those lacking
FA.

Intracellular fate of folic acid decorated PDHF-b-PEG
nanofibers

Analysis of TEM images of FA-BD-PEG-BD-FA pentablock
nanofibers in the region of the cellular membrane of HeLa cells
at 4 °C revealed a larger than expected number of nanofibers
that interact with the cell membrane in an ‘end-on’ (perpen-
dicular) and ‘side-on’ (parallel) fashion. The experimental
results obtained here are consistent with theoretical and
experimental studies by Shi,”” and Moller** et al., where cellular
internalization of rod-like nanoparticles appears to occur firstly
via association with the tip of the fiber, followed by rotation to
a 90° (perpendicular) angle of contact that is driven by a relax-
ation in elastic energy in the cell membrane. Our results concur
with those of Shi et al., where only nanofibers with high angles
of contact are observed undergoing cellular internalization. The
observation of nanofibers with ‘end-on’ membrane interactions
and curved, flexible tails (Fig. S20t) supports the proposed
transition from ‘side-on’ to ‘end-on’ before internalization.
‘End-on’ internalization is presumably further driven by the
segmented block-like structure of the nanofibers, where the FA

This journal is © The Royal Society of Chemistry 2020
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targeting group is located solely at the fiber ends, facilitating
cellular uptake.

CLEM studies of HeLa cells incubated with FA-BD-PEG-
BD-FA pentablock nanofibers at 4 °C revealed intact nano-
fibers as well as small, high contrast ‘fragments’ in the
immediate region around the cellular membrane and
throughout the cell via TEM, which correlated with BD fluo-
rescence observed in CLSM. Some of the nanofibers were
found within endosomes, indicating that receptor-mediated
endocytosis is an active uptake mechanism, consistent with
other FA containing nanomaterials.>**>*¢ The observation of
intact nanofibers and fragments outside of endosomes via
TEM, and the presence of intracellular BD fluorescence at 4 °C
via CLSM indicates that another uptake mechanism may also
be present, such as passive diffusion. CLEM and TEM exper-
iments involving nanofibers both with and without the BD dye
reveal similar intact nanofibers and high contrast fragments
observed within the cell and around the nuclear membrane.
Taken together, we hypothesize that fragmentation/
disassembly of the nanofibers occurs upon cellular internali-
zation, with subsequent localization primarily in the peri-
nuclear region. Nanofiber fragmentation would also fit with
the observed fluorescence quenching of the PDHF core
(Fig. S33, see ESIf for results and discussion), as it could be
imagined that the forces driving nanofiber cleavage might
involve interaction of the m-conjugated core with species
capable of causing fluorescence quenching. Fragmentation of
the PDHF nanofibers upon cellular internalization would also
be consistent with the behavior of FA-functionalized coordi-
nation complex nanotubes observed by Wang et al.,** and of
PEG-b-PCL filomicelles by Geng et al.** raising the possibility
that this may be a more general consequence of the cellular
internalization of 1D nanomaterials with specific properties.®®
Nanofiber fragmentation currently remains a hypothesis,
however, as further studies are required to probe and confirm
this phenomenon. As many questions remain regarding the
cellular internalization and localization of FA targeted PDHF-
b-PEG nanofibers, future work will focus on probing this
process in more detail.

Summary

Using the living CDSA approach, we have developed colloidally
stable, hydrophilic segmented 1D nanofibers with a crystalline -
conjugated PDHF core, a ‘stealth’ PEG corona, and spatially
confined functionality. Segmented pentablock nanofibers of
length 95 nm were prepared through a seeded-growth process,
which possess the highest density of different corona-forming
blocks in a segmented nanofiber to date. The development of
nanofibers with length control, and the ability to easily present
different functional groups in a modular, controlled fashion over
length scales relevant to biomedical applications represents
a potentially significant advance. In the absence of targeting
groups, the nanofibers were not capable of being internalized by
HelLa cells after 1 h, however cell uptake was detected by CLSM
and flow cytometry within 30 minutes for nanofibers function-
alized in the terminal segment with FA, which binds to folate

This journal is © The Royal Society of Chemistry 2020
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receptors that are overexpressed in cancer cells such as the HeLa
cell line examined here. Nanofibers without FA were uptaken into
<1% of HelLa cells, in contrast with > 97% uptake of FA decorated
nanofibers. The lack of cellular uptake for nanofibers without FA
implies that nanofibers bearing this moiety may act as a targeted
diagnostic, preferentially undergoing internalization into cells
that express folate receptors, such as those in tumors. FA deco-
rated nanofibers were observed to undergo internalization into
HelLa cells at 4 °C, with some observed in the cellular membrane
and others inside the cell. A significant number of membrane-
bound nanofibers were observed to interact with the cell
membrane in either an ‘end-on’ or ‘side-on’ fashion. Only ‘end-
on’ fibers were observed to undergo internalization, providing
experimental evidence for the unique uptake mechanism of high
aspect ratio 1D nanomaterials. Small, high contrast, anisotropic
particles (~10 x 20 nm) were observed inside HeLa cells prox-
imal to the cell membrane, leading us to hypothesize that FA-
BD-PEG-BD-FA pentablock nanofibers may undergo fragmen-
tation upon cellular internalization at 4 °C. Analogous experi-
ments at room temperature revealed similar particles throughout
the cell, but concentrated around the perinuclear region. If the
small, high contrast particles observed do correspond to nano-
fiber fragments, this would point towards a unique uptake and
disassembly mechanism for this type of 1D material. Intact
nanofibers were also observed throughout the cell, with examples
of both nanofibers and fragments free in the cytosol, as well as
inside endosomes. Examples of intact nanofibers inside endo-
somes indicate that receptor-mediated endocytosis is an active
uptake mechanism for the FA decorated nanofibers.

Overall, these results indicate that the nanofibers are capable
of active targeting towards different cell lines, with minimal
cellular uptake observed for those lacking an active targeting
group. If nanofiber fragmentation upon cellular internalization
is confirmed, this could allow for the benefits of targeted 1D
nanomaterials in vivo, whilst releasing smaller particles after
cellular internalization that could have other, additional bene-
fits (e.g. nuclear localization if fragment size can be tuned to <5
nm). These results also provide new insights into the cellular
uptake of low dispersity 1D nanoparticles, revealing the
potential for m-conjugated PDHF nanofibers to act as fluores-
cence turn-off sensors for cells rich in folate receptors. This
work also provides valuable information on the uptake mech-
anism for anisotropic 1D polymer nanoparticles. Finally, the
study indicates that the ability of ‘living’ CDSA to generate
anisotropic polymer nanoparticles with near uniform dimen-
sions and a segmented structure should facilitate further
investigations of nanoparticle uptake into cells, and where
features such as fiber length, width, stiffness, and the spatial
location and choice of targeting groups are varied. Analogous
1D nanoparticles also have the potential to deliver therapeutic
cargoes, with relevant studies currently in progress.
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