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Abstract

Nature provides fascinating examples of functional materials with hierarchical
structures. Nano and microscale materials have been prepared by synthetic approaches via
the self-assembly of discrete building blocks with the aim to mimic nature’s materials in
complexity and size. The solution-state self-assembly of block copolymers (BCPs) with
crystallizable core-forming blocks has enabled access to low curvature morphologies such
as 1D and 2D micelles via a spontaneous nucleation method termed crystallization-driven
self-assembly (CDSA). Via a seeded growth method known as living CDSA, 1D and 2D
micelles of controlled dimensions and low dispersity can easily be prepared. However, due
to the challenges associated with the synthesis of high aspect ratio nanoparticles and the
low number of noncytotoxic polymers known to undergo CDSA, their use for biomedical
applications has been limited. The aim of the work described in this thesis is to develop
nanofibers of precise dimensions, with nontoxic materials, for potential biomedical
applications such as drug delivery, tissue engineering and materials reinforcement.

Chapter 1 describes how nature makes superb functional hierarchical materials
that serve as inspiration for the development of synthetic methods for the preparation of
nano and microstructures. The principles regarding the solution-state self-assembly of
BCPs with amorphous or crystalline core-forming blocks are discussed. The preparation of
length-controlled nanostructures, segmented micelles, and supermicelles via living CDSA
and micelle self-assembly are presented. An introduction to nanoparticle drug delivery,
materials reinforcement, and tissue engineering with emphasis on the development and
advantages of high aspect ratio nanofibers is given. Finally, a brief perspective on the

development of nanofiber-based therapeutics is provided.



Chapter 2 discusses the preparation of coaxial-core core nanofibers from the self-
assembly of triBCPs. The nanofiber structure is comprised of a crystalline inner core, an
amorphous hydrophobic outer core, and a water-soluble corona-forming block.
Encapsulation of a model hydrophobic molecule was achieved by the outer amorphous
core. This represents the first example of water-soluble, length-controlled, and low
length-dispersity (D) nanofibers loaded via non-covalent interactions. In Chapter 2,
preliminary studies suggested cargo uptake by diBCP nanofibers may be possible.

Chapter 3 focusses on investigating the non-covalent loading of length controlled
diBCP nanofibers with a hydrophobic cargo. The effect of the chemical identity and the
length of the corona-forming blocks was also studied.

Chapter 4 describes the self-assembly of B-A-B triBCPs with crystallizable
hydrophobic ‘B’ terminal segments to yield fiber-like micelle networks and their potential
applications. Conditions for the preparation of discrete crystalline core flower-like micelles
and intermicellar fiber-like networks of crystalline core nanofibers were investigated. For
the first time, crystalline core nanofiber networks are reported.

Chapter 5 focuses on the proof-of-concept development of water-soluble length-
controlled nanofibers with corona-forming blocks capable of targeting specific cancer
tissue. Additionally, segmented nanofibers for drug delivery applications were prepared.
Finally, the association of curcumin with the nanofiber corona-forming block was briefly
investigated.

Chapter 6 summarizes the work presented in this thesis which contributes towards
the development of length-tunable nanofibers for biomedical applications and outlines

future research directions of the work presented.
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=6.96 nm, o = 1.30 nm), and dimethyl sulfoxide (DMSO, red line, Ry =7.04 nm, c = 1.06 nm). ............. 117
Figure S2. 11. Screening conditions for the spontaneous self-nucleation of PFTMCig-b-PBMAas-b-PNIPAM70
to yield nanofibers via CDSA A) Schematic representation of spontaneous self-nucleation. B-I) TEM

micrographs of the assembly mixtures at different solvent fractions indicated in the figure. .................. 118
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Figure S2. 12. Histogram of the PFTMCis-b-PBMA44-b-PNIPAM70 nanofiber crystalline core width using
measurements from samples at Munimer/Mseed Of 2.5, 5, 10, 20, 30, and 40 nanofibers made via living CDSA.
A minimum of 50 nanofibers were measured per Munimer/Mseed added and presented as combined data. n =
368, Wn=12.3 nm, B =1.03, 0 =2 nm (green). Width of nanofibers made via CDSA n = 158, W, =12.6 nm,
b =1.03, 0 =2 nm (red). Width of nanofibers made via CDSA loaded with NR n =152, W,=13.1nm, £ = 1.02,
Lo N o o (1LY TR PSP 119
Figure S2. 13. Schematic representation of the generation of low-dispersity nanofibers from PFTMCas-b-
PBMAus-b-PNIPAM?70. B-D) TEM images of nanofibers prepared via Living CDSA at various Munimer/Mseed ratios
added to solutions of seed nanofibers. munimer/mseed = B) 5:1 C) 40:1 D) 50:1. .....ccoveevrrrevreeeireeerrenee 119
Figure S2. 14. 'H NMR spectra (in DMSO-ds) of purified PFTMCis-b-PNIPAMa25. .....cvevevereiirerirererenrenne, 120
Figure S2. 15. GPC (refractive index) traces of in triethylamine/THF (1% v/v) of PFTMC-b-PNIPAM before
and after flash column chromatography. The y-axis reflects the distribution of weight fractions by molecular
WBIBNITE. ettt e et e st e et s a bt e e a bt e s a bt e e a bt e st e e e bt e sa b e e et e e sa b e e eabee s beeeaneesbeeeneena 120
Figure S2. 16. *H NMR spectra (in CD2Cl2) Of PFTIMC18-D-PEG530. v..veveovereeriirereerisreneesiseeeessessesessesseseesensens 121
Figure S2. 17. GPC (refractive index) traces eluted in triethylamine/THF (1% v/v), 1 mL min%, 35 °C of PEGs30
homopolymer (black trace), PFTMCis-b-PEGs30 diBCP (blue trace). The y-axis reflects the distribution of
weight fractions by mMolecular WEISHT. ......ooviiiii e e e s 121
Figure S2. 18. A) Schematic of segmented PFTMCis-b-PEGs30-m-PFTMCis-b-PBMA4s-b-PNIPAM70-m-
PFTMC1s-b-PEGs30 nanofibers, prepared by addition of 1 equivalent of the unimeric PFTMC1s-b-PEGs3o (in
THF) to a solution containing low dispersity 412 nm PFTMCis-b-PBMA4s-b-PNIPAM70 coaxial nanofibers
(THF:MeOH, 15:85), after ageing for 48 h. B) TEM of the segmented nanofibers (L, =584 nm, b =1.14, 0 =
2016 MM, M= 100ttt ettt ettt e h e bt bt ettt sa e bt bt e ehe et e e at e e h e e bt e b e e b e eabeeatesheesheenbeenteenee 122
Figure S2. 19. A) Image of the disperse PFTMCis-b-PBMA4s-b-PNIPAM70 nanofiber solution after dialysis
against water (0.5 mg/mL) from MeOH:THF (85:15). B) TEM image of the disperse nanofibers in water after
dialysis. C-D) 412 nm nanofibers prepared via the seeded growth method by addition of unimer (in THF) to

the nanofiber seed solution: C) before dialysis (L» = 412 nm, P = 1.04, 0 = 78 nm), and D) after dialysis to
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water (Lp = 150 nm, P = 1.31, 0 = 84 nm). E) Histogram of the contour length analysis of the 412 nm
nanofibers before and after dialysis t0 HaO. .......coiiiiiiiiiiiiiee e 122
Figure S2. 20. Preparation of NR loaded PFTMCais-b-PBMA4s-b-PNIPAM7o disperse nanofibers. A) Schematic
process of NR loading into disperse nanofibers. B) TEM and C) LCSM images of the disperse nanofibers with
NR in THF:MeOH (15:85) before dialysis into water, with diffuse NR fluorescence. D) TEM and E-F) LCSM
images after dialysis into water revealing encapsulation of NR into the nanofibers. ..........cccccoiiieneenne 123
Figure S2. 21. Fluorescence emission spectra of the encapsulated NR in disperse PFTMCis-b-PBMAa4s-b-
PNIPAM7o0 nanofibers in water. A) LCSM image of the nanofiber with encapsulated NR merged from
observation windows ranging from 563 — 703 nm (10 nm interval, from S12 C-Q). The red rectangle indicates
the nanofiber region used for analysis, and the blue rectangle indicates the area used as background
emission for data treatment. B) Emission spectra of NR encapsulated in disperse nanofibers imaged via
LCSM, with the background emission subtracted. C-Q) Emission windows of encapsulated NR at
wavelengths ranging from 563 — 703 NIM. ...coiiiiiiiiiiieie ettt sttt st e s esbeesaneesareesanee e 124
Figure S2. 22. A) Schematic process of loading and encapsulation of NR into low dispersity PFTMCas-b-
PBMAus-b-PNIPAM70 nanofibers via dialysis. B) TEM image of pristine 412 nm nanofibers (L, =412 nm, b =
1.04,0=78 nm). C) TEM (Ln=159 nm, B =1.41, 0 = 101 nm) and D) LCSM Micrographs of 412 nm nanofibers
after loading NR via dialysis into H20. E) TEM image of the NR loaded (originally pristine) nanofibers after
loading via PNSL; L, =339 nm, D = 1.29, 0 = 185 nm F) TEM (L, =251 nm, © = 1.50, 0 = 178 nm) and G) LCSM
micrographs of the NR loaded nanofibers after loading via PNSL (from E) and filtration with a nylon-syringe
filter of 0.45 um pore size. The localized fluorescence observed via LCSM provides evidence for the
encapsulation of NR into the nanofibers. H) Histogram of the contour length analysis of the pristine 412 nm
nanofibers prepared via living CDSA before loading NR and transfer to H,0 (blue), after loading via dialysis
(green), after loading via PNSL (red), and after loading via PNSL and filtration (purple). The PNSL process
alone reduced the fragmentation of the 412 nm nanofibers by 47 % when compared to the dialysis method.
H) Fluorescence emission spectra of NR loaded into nanofibers prepared via CDSA and via Living CDSA. The

similarity of these spectra indicates that NR is localized in the same environment. ..........cccceeeciivieenennn. 125
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Figure S2. 23. Fluorescence emission spectra of NR encapsulated into preformed PFTMCis-b-PBMAa4s-b-
PNIPAM7o nanofibers in water. A) LCSM image of preformed nanofibers loaded with NR merged from
observation windows ranging from 563 — 693 nm (10 nm interval, from S14C-P). The middle white square
indicates the area used as background emission for data treatment. The rest of the squares represent the
areas used to assess the emission of the loaded NR in the nanofibers. B) Emission spectra of NR
encapsulated in low dispersity nanofibers by LCSM, with the background emission subtracted. C-P) Emission
windows of encapsulated NR at wavelengths ranging from 563 =693 NM. ......cccccceviiiiiiiniienieenieeeees 126
Figure S2. 24. A) LCSM image of NR dialyzed to water from THF:MeOH 15:85 (0.025 mg/mL). No evidence
of elongated morphologies are present - the red aggregate-dot and red stripe on the left are regions where
an air bubble was present, the dark region is water, and the lack of fluorescence where water is present
indicates that the NR fluorescence is quenched in water. B) TEM image of the NR solution dialyzed into
water, where dark NR aggregates are observed but no nanoparticles or nanofibers are observed, as
expected. C) Precipitate of NR (0.025 mg/mL, 1.5 mL, MeOH) after 10 mins observed during dialysis to H20.
D) Fluorescence emission spectra of a solution of NR at 0.025 mg/mL in MeOH, and the NR sample dialyzed
from MeOH (0.025 mg/mL, 1.5 mL) into water, then lyophilized, and resuspended in MeOH (1.5 mL) for
spectroscopic analysis. The presence of a significant emission from NR indicates that dialysis is insufficient
for the removal of NR. E) Fluorescence emission spectra of solutions of NR (10 and 1 wt %) transferred to
H20 via PNSL, filtered (0.45 um, nylon filter), lyophilized and resuspended in MeOH to assess NR removal.
Aex = 50 MMttt et b e bbbt e et e s bt e sb e e sb e e bt et e e a et e ht e e bt e b e e ke e ke e Rt e sheesheeshe e bt e bt enteenaeshaenbeen 127
Figure S2. 25. TEM micrographs of PFTMCais-b-PBMAu4s-b-PNIPAM70 nanofibers before NR loading and
transfer to water via the PNSL method. A) Seeds (Ln =22 nm, § =1.12, 0 =7.7 nm). B) 84 nm fibers (L, = 84
NM, D = 1.05, 0= 20 NM). cettiiieeitiie ettt e ettt e e ettt e e e et e e e eetteeeeetbeeaeastaeaeasaeaeeassseeaastaseaaassaeesasssaesansseaaanns 128
Figure S2.26. A) TEM micrograph of 84 nm PFTMCis-b-PBMA44-b-PNIPAM7 nanofibers (L,=86 nm, D = 1.26,
o = 44 nm) after NR loading and transfer into water via dialysis. B) Countour length histograms of 84 nm
nanofibers loaded with NR via PNSL (blue), and via dialysis (red). Our results show that the L, of both
samples is fairly similar, but in the case of the 84 nm nanofibers loaded via dialysis, both fragmentation and
an increase in length of the nanofibers is observed. The fragmentation occurs due to the rapid solvent
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exchange process during dialysis, whereas the increase in length likely arises from hydrophobic and
entropically favorable interactions between the PBMA blocks at the end of the nanofibers during the fast
solvent exchange, resulting in nanofiber end-fusion and an increase in length. ........cccccoiiininiinnennn, 128
Figure S2. 27. Emission spectra (in MeOH) of the PFTMCis-b-PBMA4s-b-PNIPAM70 (Ln = 25 nm, D =1.08,
o = 7.0 nm) nanofibers loaded with NR via PNSL at different concentrations, followed by filtration: A) 0.01
wt %, B) 0.1 wt %, C) 1 wt %, D) 10 wt %, and E) 25 wt %. F) Emission spectra (in MeOH) of the PFTMCas-b-
PBMAu4s-b-PNIPAM70 (Ln =125 nm, B =1.08, 0 =35 nm) nanofibers loaded with NR via PNSL at 1 wt %.

Aex = 540 nm. Each experiment was conducted in triplicate and the spectral traces are labelled accordingly.

Figure S2. 28. A), C), E) and G) Emission of NR at different concentrations (in MeOH) to construct the
calibration curves in B, D, F and H. The emission intensity for the calibration curves was recorded at Aex =
540 nm. The equation of the line and coefficient of determination for each calibration curve at Aex-max = 630
nm are as follows: B) y = 267.2 + 1.61x10°x; r> = 0.9999. D) y = 103.2 + 1.48x10° x; r> = 0.9999. F) y = 2399
+ 8.26x10° x; r2 = 0.9999, and G) y = 855.1 + 1.85x10° x; r? = 0.9998. The equations were used to quantify
the loading of NR in the nanofibers from the FIgure S2. 27. ... et 130
Figure S2. 29. Loading properties of PFTMCis-b-PBMAas-b-PNIPAM70 Ln = 25 nm (P = 1.08, 0 =35 nm)
nanofibers with different initial quantities of NR (wt %) used in the loading process; A) Nile Red loaded in
ng per mg of triBCP, B) Encapsulation Efficiency (EE %), C) Loading Capacity (LC %). D) LC % of triBCP
nanofibers L, =125 nm (P = 1.08, 0 = 35 nm). The EE % and LC % were calculated as follows: EE % = (mass
of drug added — mass of non-encapsulated drug)/(mass of drug added)x100, e.g. 25 nm seeds loaded at 1
wt %; EE % = (1000 ng — 940 ng)/(1000 ng)x100=6 %, and LC % = (mass of encapsulated drug)/(mass of
nanofibers)x100, e.g. 25 nm seeds loaded at 1 wt %; LC % = (60 ng)/(100,000 ng)x100=0.06%. ............. 131
Figure S2. 30. TEM micrographs of the loading process of the PFTMC1s-b-PEGs30 nanofibers D) before loading
(Ln =108 nm, b =1.08, 0 =30 nm), E) after loading via PNSL (L, =114 nm, B =1.06, 0 =28 nm), F) after
syringe filtration (Ln =125 nmM, D = 1.04, 0= 26 NIM). eeeeiiiieeiecieeecceee e stee e esiee e eseee e e staeeessntaeessneeeesnreeeas 131
Figure S2. 31. Release of NR from PFTMCis-b-PBMA4s-b-PNIPAM70 nanofibers. A) Schematic of the release
process for NR encapsulated in the PBMA block of the nanofibers after dialysis from water back into MeOH.
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B) TEM image of NR loaded nanofibers in water before dialysis. C) LCSM image of nanofibers in water before
dialysis. D-F) TEM and LCSM, respectively, of the nanofibers after dialysis into MeOH showing the nanofibers
but no emission from NR. G) LCSM fluorescence emission spectra of the NR loaded nanofibers before (black)
and after (red) dialysis into MeOH. The disappearance of the emission from NR is evidence for the release
of NR, which is presumably removed via repeated changes of the MeOH dialysate...........cccccevcuveeernnnennn. 132
Figure S2. 32. TEM image of the PFTMCis-b-PBMA4s-b-PNIPAM70 nanofibers in S2. 22F after dialysis to
IMIEOH. .ttt ettt et ae e s he e s bt e bt et e aeesh e e eh e e ke ekt e At e e e teeateshteehe e bt e bt eat e eateeheeehte bt e beenbeeatesatas 133
Figure S2. 33. Molecular mechanics simulations of PFTMCo-b-PBMA22-b-PNIPAM3s. The DP, of each block
was divided in two for computational efficiency (the polymer used in this work was PFTMC1s-b-PBMAas-b-
PNIPAM70). The energy minimized structure was computed using the energy minimization function in
Chem3D with the MM2 force field, and visualized using UCSF Chimera.®* The length of the PBMA chains

was measured in USCF Chimera, and found to be 5.04 nm for PBMA:2, and hence 10.1 nm for PBMAu4a. 133

Figure S3. 1. MALDI-TOF MS spectra of PFTMCis. The red square represents the area expanded in B.. RP:
repeating unit. Reproduced frOM Fef 2. .......c.oiouieeeeceeeeeeeeteeeee ettt ettt et eeve et eneere st eneereenens 181
Figure S3. 2. 'H NMR spectra (in CD2Cl2) of PFTMC1s-CTA. Reproduced from ref 2. ........ccoevvevvveennnnen. 182
Figure S3. 3. GPC (refractive index) traces of in triethylamine/THF (1% v/v) 1 mL min%, at 35 °C of PFTMCas
homopolymer capped with the CTA (black trace, 1 mg/mL), PFTMC1s-b-PNIPAMa2s diBCP before (blue trace,
1 mg/mL), and after flash column chromatography (red trace, 1 mg/mL). The y-axis reflects the distribution
of weight fractions by molecular weight. The GPC trace of the diBCP was unchanged when a lower
concentration Was USed (0.25 ME/ML). ..cciuiieiieiieeeie et eeteeeere et eetee et e eeteeeete e eeteeeteeeeteeenteeenseeenbesenseeentes 182
Figure S3. 4. *H NMR spectra (in DMSO-ds) of purified PFTMCis-b-PNIPAMa2s. Reproduced from ref #2.. 183
Figure S3. 5. 'H NMR spectra (in CD2Cl2) 0f PFTMC18-D-PEG275. «.cvveuvieiieiceiieiceeceieeeeeseeete sttt 183
Figure S3. 6. GPC (refractive index) traces eluted in triethylamine/THF (1% v/v), 1 mL/min, at 35 °C of PEG27s
homopolymer (black trace, 1 mg/mL), PFTMCi9-b-PEG275 diBCP (blue trace, 1 mg/mL). The y-axis reflects the

distribution of weight fractions by molecular weight. .........cocoviiiiir e 184
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Figure S3. 7. 'H NMR spectra (in CD2Cl2) of PFTMCis-b-PEGs30. Reproduced from ref 42, ........c.cccecvvnenen. 184
Figure S3. 8. GPC (refractive index) traces eluted in triethylamine/THF (1% v/v), 1 mL/min, at 35 °C of PEGs3o
homopolymer (black trace, 1 mg/mL), PFTMCis-b-PEGs30 diBCP (blue trace, 1 mg/ mL). The y-axis reflects
the distribution of weight fractions by molecular Weight. ............ooooiiiiiii e 185

Figure S3. 9. DLS of the PFTMCus-b-PNIPAMa2s diBCP in tetrahydrofuran (THF); Rsz = 9.3 nm, 0 =2.22 nm.

Figure S3. 10. A) Schematic representation of the generation of low-dispersity nanofibers made from
PFTMCis-b-PNIPAM42s. B-C) TEM micrographs of nanofibers prepared via Living CDSA at various
Munimer/Mseed ratios added to solutions of seed nanofibers. Munimer/Mseed = B) 2.5:1 C) 40:1........coveevennee. 186
Figure S3. 11. TEM micrographs of nanofibers prepared through seeded-growth after 12 months of the
addition of unimer in THF to nanofiber seed solutions (L, =46 nm, ®=1.17, 0 =19 nm, in THF:MeOH 15:85
v/v) at: A) 2.5:1 Munimer/Mseed ratio (Ln = 167 nm, B = 1.05, 0 = 37 nm), and B) 40:1 Munimer/Mseed ratio (Ln =
1798 nm B = 1.02, 0 = 267 nm). C) Contour length histograms of the nanofibers in A (red) and B (blue). 186
Figure S3. 12. A) Schematic representation of the generation of low dispersity PFTMC19-b-PEG275 nanofibers
through the living CDSA method. B) TEM of disperse PFTMC19-b-PEG275 nanofibers (1.5 mg/mL) prepared in
THF:MeOH (15:85 v/v), after annealing at 70 °C for 3 h, and aged for 48 h. C) TEM of seed nanofibers (L, =
30 nm, B =1.22, 0 = 14 nm) prepared through sonication of the disperse nanofibers (from B, in THF:MeOH)
for 3h at 0 °C. D) TEM micrograph of low dispersity nanofibers (L, = 127 nm, b = 1.06, 0 = 32 nm) prepared
through seeded-growth by addition of unimer in THF to the nanofiber seed solution at: 3.1:1 Munimer/Mseed
= 1 TR PP PP 187
Figure S3. 13. A) Schematic representation of the generation of low dispersity PFTMC1s-b-PEGs3o0 nanofibers
through the living CDSA method. B) TEM of disperse PFTMCis-b-PEGs3o nanofibers (1.5 mg/mL) prepared in
THF:MeOH (15:85 v/v), after annealing at 70 °C for 3 h, and aged for 48 h. C) TEM of seed nanofibers (L, =
32 nm, P =1.25, 0 = 16 nm) prepared through sonication of the disperse nanofibers (from B, in THF:MeOH)
for 3h at 0 °C. D) TEM micrograph of low dispersity nanofibers (L, = 114 nm, b = 1.06, 0 = 28 nm) prepared
through seeded-growth by addition of unimer in THF to the nanofiber seed solution at: 3.1:1 Munimer/Mseed
L= L 1T TR TP PP R OPPP PP 187
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Figure S3. 14. A) Digital images of the vials containing loaded (via PNSL, NR 1 wt %) and filtered nanofibers
in water after 6 months. The image shows clear aqueous solutions with no signs of precipitation by the
nanofibers at the bottom of the vials, the dark objects in each vial result from the lids at the top of the vials.
The vials were placed in a well-plate and the images were recorded from the bottom; PFTMCis-b-PNIPAMa2s
(1 column), PFTMCis-b-PEGa75 (2™ column), and PFTMCis-b-PEGs3o (3™ column). B) DLS analysis after 6
months of the nanofibers loaded at 1 wt % of NR in H20; PFTMC1s-b-PNIPAMazs (Rh: = 127 nm, b = 1.19,
green trace. Ln(oaded) = 116 nm by TEM), PFTMC1s-b-PEG275 (Rhz = 136 nm, D = 1.21, pink trace. Ln(oaded) = 133
nm by TEM), and PFTMC1s-b-PEGs30 (Rh,z = 108 nm, D = 1.29, dark trace. Ln(oaded) = 125 nm by TEM). C) Time-
dependant microsome degradation assay of PFTMCio-b-PEG275 nanofibers (1uM, L, = 127 nm by TEM Figure
3. 3E) measured by DLS at 37 °C in phosphate buffer (1 mL) supplemented with microsomes (from liver,
pooled, rat (Sprague-Dawley), 0.5 mg/mL) and Coenzyme Il reduced tetrasodium salt (NADPH, 1 mM). The
PFTMC1s-b-PEG275 nanofibers remained stable for up to 48 h. The hydrodynamic radius of the nanofibers
was ca. two times larger in PBS (Rnz = 250 nm) than in H20 (Rs: = 136 nm, Figure S3. 14B), this may arise
from a difference in the ionic strength of the medium or the viscosity of the media.>® The distinct Rn: value
of microsomes was removed from the chart. NF: PFTMC19-b-PEG275 nanofibers; Mic: microsomes; NADPH:
Coenzyme Il reduced tetrasodium salt. D) TEM micrograph of the solution containing the nanofibers under
enzymatic conditions after 120 h (5 days). The sphere-like aggregates may correspond to PFTMC fractions
that will likely aggregate in aqueous media. The dark ill-defined aggregates interact well with the staining
solution (in EtOH) suggesting the presence of PEG homopolymer or PEG-microsome aggregates. ......... 188
Figure S3. 15. Emission spectra (in MeOH) of the PFTMCais-b-PNIPAMaz2s (Ln = 127 nm, B =1.03, 6 =22 nm)
preformed nanofibers loaded with NR via PNSL at different concentrations, followed by filtration: A) 10 wt

%, B) 5wt %, C) 1 wt %, D) 0.5 wt %, and E) 0.1 wt %. Each experiment was conducted in triplicate. Aex = 540

Figure S3. 16. Emission spectra (in MeOH) of the PFTMCi9-b- PEG275 (Ln =127 nm, £ =1.06, 0 =32 nm)
preformed nanofibers loaded with NR via PNSL at different concentrations, followed by filtration: A) 10 wt

%, B) 5wt %, C) 1 wt %, D) 0.5 wt %, and E) 0.1 wt %. Each experiment was conducted in triplicate. Aex = 540



Figure S3. 17. A) Emission data for NR at different concentrations (in MeOH). This was used to prepare the
calibration curve in B. The emission intensity for the calibration curves was recorded with Aex = 540 nm. B)
Calibration curve of A. The equation of the line and the coefficient of determination for the calibration curve
at Aex-max = 640 nm is as follows: y = 146.1 + 2.19x10%x; r? = 0.9997. The equation was used to quantify the
loading of NR in the nanofibers from the Figure S3. 15, 16. ......cccoiieeiiiieiciie e e e 191
Figure S3. 18. Loading properties of L, = 127 nm nanofibers made from PFTMCis-b-PNIPAMa2s (D = 1.03,
0 =22 nm, Figure 3. 3B), and PFTMCi9-b-PEG275 (P = 1.06, 0 = 32 nm, Figure 3. 3E) with different initial
guantities of NR (1 — 10 wt %) used in the loading process; A) Nile Red loaded in ng per mg of diBCP. A)
Emission intensity, and B) Loading Capacity (LC %) of diBCP nanofibers. The EE % (in Figure 3. 31, 4D) and LC
% were calculated as follows: EE % = (mass of drug added — mass of non-encapsulated drug)/(mass of drug
added) x100, e.g. 127 nm PFTMCi9e-b-PEG275 nanofibers loaded at 1 wt %; EE % = (900 ng — 873 ng)/(900
ng)x100=3.0%, and LC % = (mass of encapsulated drug)/(mass of nanofibers)x100, e.g. 127 nm PFTMC19-b-
PEG275 nanofibers loaded at 1 wt %; LC % = (27 ng)/(90,000 ng)x100 = 0.03%. .....c.ccverrverreerreerreeireereenns 191
Figure S3. 19. Validating syringe-filtration as a purification process to remove nonbounded NR. Emission of
NR at 1 pg/mL after transfer to via the PNSL method, freeze-drying, and resuspension in MeOH for
spectroscopic analysis (blue line), and emission of NR at 1 ug/mL after transfer to water via the PNSL method
with filtration, freeze-drying, and resuspension in MeOH for spectroscopic analysis (red line). .............. 192
Figure S3. 20. A) Emission spectra (in MeOH) of the PFTMCais-b-PEGs30 (L» =114 nm, D = 1.06, 0 = 28 nm)
preformed nanofibers loaded with NR via PNSL at 1 wt % NR, followed by filtration. B) Emission of NR at
different concentrations (in MeOH) to prepare the calibration curve in C. The emission intensity for the
calibration curves was recorded at Aex = 540 nm. C) Calibration curve of B. The equation of the line and the
coefficient of determination for the calibration curve at Aexmax = 640 The equation of the line and the
coefficient of determination for the calibration curve at Aex-max= 640 nmi is as follows: B) y = 146.1 + 2.19x10%
x; r2 = 0.9997. The equation was used to quantify the loading of NR in the nanofibers from A. D) Loading
capacity of PFTMCis-b-PEGs30 nanofibers loaded at 1 Wt % of NR.....cooviirieciiiicee e 192
Figure S3. 21. Loaded NR (in ng/mg of polymer) determined by fluorometry of the three diBCP nanofiber
systems utilized in this work (Figure 3. 3H-I, 4D); PFTMC1s-b-PNIPAMa2s5, PFTMC19-b-PEG275, and PFTMC1s-b-
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PEGs30 diBCP. A Welch'’s analysis of variance (ANOVA, GraphPad Prism 9, V 9.2.0) test of the data of this
figure indicates that there are no significant differences among the means (p < 0.05). ....cccceeviiriiinienenne 193
Figure S3. 22. Contour width histograms of nanofibers from TEM micrographs of PFTMCis-b-PNIPAMa2s Wh
=8.9nm (P =1.06, 0 = 2.1 nm, dark, from Figure 3. 3B), PFTMC19-b-PEG275s Wy =8.6 nm (P =1.03,0=1.5 nm,
blue, from Figure 3. 3E), and PFTMC19-b-PEGs30 W, = 9.8 nm (D = 1.03, o = 1.6 nm, yellow, from Figure 3.
4A). The nanofibers used for width measurements were cast from 15:85 THF:MeOH. n = 50 number of
COUNEEA NANOTIDEIS. ..ottt st e be e s b bt e s b e e s beesanes 193
Figure S3. 23. Emission spectra of NR loaded (at initial 1 wt %) by PFTMC1s-b-PEGs30 diBCP nanofibers (0.1

IMNE/ ML) TN WALEE. c.teiiiei ettt ettt ettt e s e e et e e s tbeeeabe e s beeeabeesabeeeabeesabeeaabeesabeeeaseesabeesnseesataeanseesntesenseeentes 194

Figure S4. 1. MALDI-TOF MS spectra of the diol-PEGeoo used as macroinitiator for the synthesis of the
PFTMC14-b-PEG900-b-PFTIMC14 trIBCP. ....uviiitiieiie ettt sttt sttt et sttt st siaessba e e saaesba e e saaesbaeesseeenaeees 237
Figure S4. 2. GPC (refractive index) traces eluted in triethylamine/THF (1% v/v), 1 mL min’%, 35 °C of PEGsoo

homopolymer (black trace), and PFTMCu14-b-PEGooo-PFTMCi4 triBCP (blue trace). The y-axis reflects the
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Chapter 1
Introduction

1.1 Self-Assembly and Hierarchical Materials: Inspiration from Nature
1.1.1 Nanostructures and Self-Assembly in Nature

Self-assembly, in the context of this thesis, is defined as the transformation of
matter from a state of low order to a more ordered state via non-covalent interactions and
without external stimuli.> The remarkable properties exhibited by biological materials
results from hierarchical organization from the molecular level to that of entire biological
systems, and life as we know it could not exist without functional self-assembly across
several length scales.? Nature provides a range of remarkable examples of self-assembled
structures such as cells and organelles that serve as source of inspiration for the
construction of synthetic systems that aim to act as mimics in terms of function, complexity
and size.>* For example, the double-helix structure of human DNA, that stores the entire
genome of one individual, results from the self-assembly of complementary DNA strands

and has inspired the field of DNA origami.>®

1.1.2 Examples of Order and Hierarchy in Nature

Wood, osseous matter, and tendons are examples from a vast number of fascinating
complex materials found in nature whose remarkable macroscopic properties result from
the precise and concerted order from the nano and microscale across several hierarchy
levels.” Tendons are the connective tissue responsible for the transmission of force between
bones and muscles to allow locomotion (Figure 1. 1A).2 The properties of the tendons are

fundamentality related to the hierarchical organization of the underlying tissue and the



Chapter 1

subunits from which it is constructed. Tendons are comprised of polypeptide fibers (mainly
from collagen type 1), proteoglycans, glycoproteins, cells, and water. Proteoglycans and
collagen fibers provide viscoelasticity and tensile strength, respectively.® Collagen (length
ca. 1 — 100 nm) is made from tropocollagen which is formed from three a-peptide strands
that self-assemble into a triple helix structure.!®'! Subsequently, collagen assembles into
fibrils (10 — 500 nm. Figure 1. 1C) and then into fibers (> 1 um. Figure 1. 1B). The fibers
self-assemble into primary, secondary, and tertiary bundles of fibers. The fiber bundles are
then able to aggregate and bound with endotenons which are enclosed by the epitenon to
yield the complex structure of a tendon unit.® As shown in Figure 1. 1D, the precise
hierarchical order from the nano to microscopic levels of the tendon results in mechanical
properties that allow bone-to-tendon-to-muscle transmission of forces, and ultimately in

macroscopic movement.’
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Figure 1. 1. A) Tendon organization for the transmission of mechanical forces between bone and muscle. B-
C) Electron microscopy of collagen fibers and fibrils at different scales (scale bars B: 2.5 pm. C: 0.2 pm).
D) Hierarchical structure of tendon tissue. Tendons are composed from smaller subunits that are oriented in
parallel to the axis of the tendon. The tendon subunits from lower to higher levels of hierarchy are collagen
molecules, fibrils, fibers, and fiber bundles (primary, secondary, and tertiary) to give a tendon unit.
A-C reproduced and adapted with permission from ref 2, D reproduced with permission from ref .
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1.1.3 Top-Down, Bottom-Up Synthesis, and Non-Covalent interactions

Nano and micromaterials are promising and desirable for many applications,'?*
including biomedical uses,'**° as described later in this thesis. Two main strategies for the
development of nano and micromaterials have been developed: top-down and bottom-up.®
The top-down approach aims to produce smaller-sized structures from larger ones until the
desired nanomaterial is obtained. This process usually requires energy to break bonds
(Figure 1. 2-left).}” Top-down methods include ball milling or etch lithography, but top-
down techniques are generally costly, energetically demanding, and defects may appear as
the features of the material become smaller.*5-28 Hence, it is a major challenge to prepare
complex and defined structures with high precision on the nano and microscale levels by
top-down approaches. The inadequate compatibility of some of the top-down methods with
biomolecules led to the integration of top-down methods with self-assembly.°

Bottom-up approaches involve the use of small building blocks to create larger
nano and microstructures (Figure 1. 2-right).*? The formation of bonds between atoms and
molecules can be regarded as a type of bottom-up approach, however, the synthesis of
sequence-defined nano and microstructures with useful functionalities using this approach
is challenging and inefficient.2?° Self-assembly is a bottom up method that allows access
to well-defined structures across a variety of different length scales via non-covalent
interactions between molecules or macromolecules.?*2% As defined by Lehn, self-assembly

is ‘chemistry beyond the molecule’.?*
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Figure 1. 2. Representation of top-down and bottom-up methods to synthesize nano and microstructures.
Reproduced with permission from ref 25,

Clusters

Non-covalent interactions are individually weak compared to covalent bonds, but
when present in sufficient concentration their concerted strength is sufficient to form stable
supramolecular assemblies. In the same way that living cells constitute the building blocks
of larger ordered organisms, synthetic approaches have been developed to construct
complex nanostructures from simpler building blocks via self-assembly.? Types of non-
covalent interactions of significance for supramolecular chemistry are presented in Table
1.1

Table 1. 1. Summary of non-covalent interactions, their relative distances, strengths and examples.?’-30

Interaction type Distance (nm) Strength (kJ/mol) Example
lonic 1-1000 200 - 300 NaCl lattice
Dipole-dipole 01-1 5-50 Liquid Crystals, CHsF,
Hydrogen bonding 01-1 4-65 NHs;, CH3OH, protein folding
n-T 01-1 0-50 Supramolecular polymers
van der Waals 1-10 <5 Molecular crystals, argon
Hydrophobic effect 1-100 Specimen specific Small molecule self-assembly
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Two main types of self-assembly exist, static and dynamic self-assembly.
Self-assembled systems that are formed at global or local equilibrium are known as static.
These may require an initial source of energy, but once the structure is formed it becomes
stable. No input of energy is required to maintain stability and there is no continuous
dissipation of energy (examples include the cases of self-assembled monolayers, molecular
crystals).23! In dynamic self-assembly, also known as fuel-driven self-assembly, systems
operate far from equilibrium and require a constant input of energy (either physical or
chemical) for the self-assembled structure to be maintained, hence, these systems are
transient (e.g. schools of fish). Examples of static self-assemblies will be described in the
next sections; however, detailed discussions of dynamic self-assembly are outside the

scope of this thesis. Examples and reviews on this topic can be found elsewhere. 3>

1.2 Self-Assembly of Small Molecules

Self-assembly of low molecular weight amphiphiles, such as lipids or surfactants,
occurs when these molecules are exposed to a selective solvent . A selective solvent is one
that only solubilizes the solvophilic part of the molecule but not the solvophobic region. In
organic solvents, self-assembly is driven by an unfavorable enthalpy of mixing.®” In water,
self-assembly is driven by an increase in the entropy associated with the expulsion of
solvent molecules from the resultant micelles. In addition, exposure to a selective solvent
results in unfavorable interactions between the medium and the solvophobic tails, resulting
in aggregation, therefore minimizing the enthalpically unfavorable interactions.®® A range
of morphologies can be predicted and accessed with low molecular weight amphiphiles
when the critical micelle concentration is reached such as spheres, cylinders, and vesicles,

among others,#04!
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The packing parameter plays a crucial role in predicting the morphology of micelles

in solution formed by molecular surfactants. The packing parameter, P, is defined as: P =

% (Figure 1. 3B), where v is the volume of the hydrophobic segment, ao is the contact
otc

area of the head group, and I is the length of the hydrophobic segment. If P < 1/3 spheres,

1/3 < P < 1/2 cylinders, 1/2 < P < 1 flexible vesicles or bilayers, and P = 1 planar lamella

are formed. If P > 1 inverted structures can be observed.**

A C

p range Extent of curvature | Morphology

A-block B-block

p<Y% High
Yi<p <% Medium
3 Low
hh<ps<l

Vesicle

Figure 1. 3. A) Representation of a diblock copolymer with solvophobic (red) and solvophilic (blue) blocks.
B) Packing parameter equation. C) Thermodynamic morphologies accessed by targeting different packing
parameter values. B-C reproduced and adapted with permission from ref 42,

1.3 Self-Assembly of Block Copolymers
1.3.1 Solid State Self-Assembly of Block Copolymers

Block copolymers (BCPs) are a class of macromolecules with at least two
chemically distinct segments covalently linked.** Although BCPs are less complex than
the building blocks used in nature, supramolecular chemists take inspiration from nature to

fabricate functional, diverse, and well-defined BCP-based self-assembled materials.***
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For self-assembly to occur, the individual blocks of the BCP are required to be immiscible
with one another to allow for microphase separation. In bulk, for a traditional A-B type
diblock copolymer (diBCP. Figure 1. 3A), the phase separation depends on the relative
composition of the A and the B blocks, the total degree of polymerization
(DP,=DP4)+DP,g)), the volume fraction of the A and B block (1 = f, + fg), and the
degree of incompatibility of each block known as the Flory-Huggins interaction parameter
(x4p)-*® Therefore, phase separation occurs when x,, exceeds a critical value and the two
blocks become immiscible. In addition, different structures based on the volume fraction
of each block can be predicted (i.e., fa and fg). By tuning the volume fractions of each of
the blocks morphological transitions are expected to preserve thermodynamic equilibrium.
The resulting morphologies are lamellae, gyroid, hexagonal packed cylinders and body
centered cubic structures as represented in the theoretical phase-diagram of diBCPs in the

bulk-state.*” 49

1.3.2 Solution State Self-Assembly of Block Copolymers

Solution state BCP self-assembly is a well-studied field. The work by Eisenberg
and coworkers opened up the field to exciting morphologies other than spherical micelles,
however, most of the research has focused on the self-assembly of diBCPs with an
amorphous core-forming block.*%%¢ Splution-state BCP self-assembly is generally
performed by dispersing the BCP in a selective solvent or a solvent mixture. A selective
solvent solubilizes one of the blocks while the other block collapses via solvophobic
interactions yielding core-shell morphologies.>” Formation of thermodynamically stable
BCP assemblies with amorphous core-forming blocks is driven by three contributions to

the free energy of micellization: i) stretching of the core-forming block to fill the volume
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of the micelle core (entropic penalty), to reduce unfavorable core-solvent interactions
(enthalpic gain), ii) core-solvent interfacial tension (enthalpic penalty), and iii) repulsive
interactions between coronal chains lead to chain stretching (entropic penalty).3®4! See
Table 1. 2 for a summary of the factors influencing the solution state self-assembly of BCPs

with amorphous core-forming blocks.

Table 1. 2. Factors influencing the solution state self-assembly of amorphous and crystalline core-forming
BCPs.

Amorphous core BCP Crystalline core-forming BCP
self-assembly self-assembly
Emicellization = Ecore + Einterface Enmicellization = Ecore + Einterface
Contributions
+ Ecorona + Ecoronat Ecrystallization

Core chain stretching, interfacial

repulsions, corona swelling and Core crystallinity, BCP composition,
Factors steric repulsions. BCP composition core:corona ratio, temperature, solvent
and concentration, additives, solvent system, and solubility of BCP.

mixture, water content.

Morphology Sample specific, hard to predict. Low core-corona curvatures.

Analogous to small molecule self-assembly, in BCP self-assembly the
thermodynamically favored morphology can be predicted by the geometric considerations
implicit in the packing parameter, which indicates the favored morphology (i.e. P <1/3 for
spherical micelles, 1/3 < P <1/2 1D for cylindrical (or worm-like) micelles, and 1/2 < P <
1 for vesicles, Figure 1. 3B-C).*? However, the resulting BCP morphology in solution is
also influenced by the presence of additives, temperature, BCP composition (i.e. the DP,

of each block), BCP concentration, the nature of the common and selective solvents, and
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the processing method (Figure 1. 4).58-%° The packing parameter does not account for the
aforementioned considerations, which makes this model inadequate as a predictive tool to
identify the preferred morphology of BCP self-assemblies in solution. For instance, the
affinity of the coronal block towards the selective solvent would affect the surface area
value (ao) of the solvent-swollen corona-forming block (Figure 1. 3B). In selective solvent
mixtures, the exchange of BCPs between micelles is very slow unless a high concentration
of common solvent for both core- and corona-forming blocks is present.>”®° This means
that self-assembly of BCPs can occur under kinetic control. As a result, far-from-
equilibrium morphologies are stable at ambient conditions and present significant
variations from the thermodynamically favored morphology.3®586162 Hence the packing
parameter predicts the self-assembly morphology of small surfactants well, but it falls short
in predicting the morphology of BCPs in solution. BCPs with more than two segments such
as triblock copolymers (triBCPs) can be used for self-assembly, however, this increases
the number of variables that determine the morphology of the assembled structure. As a

result, more complex structures can be accessed.®3°

10
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Figure 1. 4. Morphology map of poly(butylene oxide)-b-PEO (PBO-b-PEO) in water as a function of
molecular weight and polymer concentration. The ratio between the hydrophobic:hydrophilic blocks was
similar i.e., PBO22-b-PEO1s (Mn = 2.3 kg/mol) or PBO1g3-b-PEO115 (M = 12 kg/mol). Reproduced with
permission from ref .

1.4 Influence of the Core Crystallization on BCP Self-Assembly

Nanofibers present morphological advantages and are desirable for a number of
applications such as in nanomedicine,®-% composite reinforcement,”®" catalysis,’?> and
optoelectronics.™®” 2D platelets are also good candidates for antibacterial purposes,’ as
emulsifiers,” and for enhancing the adhesive and mechanical properties of hydrogels.”®””
However, preparation of pure morphological micellar assemblies with low curvature of the
core-corona interface, such as 1D micelles or nanofibers and 2D platelets, from the solution
state self-assembly of diBCPs with an amorphous core forming-block is particularly
difficult to achieve, except for spherical micelles which are readily accessible and dominate

the phase diagram.’ In the case of BCPs that possess a crystallizable core-forming block,

11
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the crystallization of the core provides an additional enthalpic contribution to the free
energy of micellization and has an important influence on the resultant morphology (Table
1. 2). This drives the formation of morphologies with low core-corona interfacial curvature

in order to minimize the free energy of the system.*

1.4.1 Crystallization-Driven Self-Assembly
The realization that crystallization of the core-forming block during self-assembly
modifies morphological preferences has led to the introduction of the term
crystallization-driven self-assembly (CDSA). CDSA of amphiphilic block copolymers
with a crystallizable core-forming block has recently emerged as a promising and versatile
method to obtain disperse 1D- and 2D-dimensional structures, with the resultant
morphology generally being dependent on the core-to-corona block ratio based on the DPy
of each block.*"® Poly(ferrocenyldimethylsilane) (PFS) has been extensively used as the
crystallizable core-forming block of BCPs for CDSA.2%84 PFS-based BCPs typically form
2D platelet micelles when the core-to-corona block ratio is close to 1:1 and 1D micelles
over a wide range of block ratios between 1:5 and 1:20 (Figure 1. 5).” The crystallization
increases the thermodynamic stability due to the lattice energy term and the kinetic stability
due to Kinetic trapping, as unimer exchange becomes even more unfavorable. Furthermore,
the critical micelle concentration of BCP with a crystallizable core-forming is effectively
zero, allowing access to stable micelles even at very low concentrations.°2®
There are many methods to induce self-nucleation of BCPs with a crystallizable
core-forming block. The two most relevant and widely used will be discussed. In the first,
the diBCP is solubilized in a common solvent for both polymer segments to give molecular

dissolved ‘unimers.” The slow addition of a selective solvent for the corona-forming block

12
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leads to precipitation and usually crystallization of the core-forming block. A second, more
common method is to disperse the BCP in a selective solvent mixture for the corona-
forming block, then heat the solution such that dissolution of both blocks to form unimers
occurs at an elevated temperature. In this case, precipitation and usually crystallization of
the core-forming block occurs upon slow cooling. The polymeric nanoparticles formed are
generally length-disperse 1D micelles if the corona-forming block is substantially larger
than that of the core-forming block, or disperse 2D platelets if this is not the case (Figure

1. 5),% although exceptions to this trend exist.®’

Figure 1. 5. Examples of morphologies accessed via the CDSA of PFS-b-P1 BCPs in tetrahydrofuran/hexane
mixtures. TEM micrographs of A) 1D micelles made from PFSss-b-Plsz and B) 2D micelles made from
PFSeo-b-Plso (scale bar: 500 nm). PFS: poly(ferrocenyldimethylsilane). PI: polyisoprene. Reproduced and
adapted with permission from ref %,

CDSA is a unique method for the creation of length-disperse pure morphological
nanofiber assemblies with increasing relevance. In the last two decades a wide range of
BCPs containing a crystallizable core-forming block have shown to assemble via CDSA
including: polyacetylene,® poly(acrylonitrile),® poly(e-caprolactone) (PCL),87:%:91
poly(di-n-dihexylfluorene)  (PDHF),”®%2%  poly(ethylene  oxide)  (PEO),°*%
poly(ethylenesulfide),% poly(ferrocenyldimethylgermane) (PFG),%"%8

poly(fluorenetrimethylenecarbonate) (PFTMC),%1% poly(L-lactic acid) (PLLA),1%

13
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poly(3-heptylselenophene),1041% poly(3-hexylthiophene) (P3HT),106-109
poly(2-isopropyl-2-oxazoline),'%* poly(3-octylthiophene),**? poly(perfluoroethyloctyl-
methacrylate),*****  poly(p-phenylene),**>  poly(p-phenylenevinylene),***"  and

poly(p-phenyleneethynylene).118:119

1.4.2 Living Crystallization-Driven Self-Assembly (Living CDSA)

The dispersity index (B) is a measure of the nanoparticle size heterogenicity, with
D <1.1 considered of low dispersity, and D > 1.1 being considered disperse. Low dispersity
assemblies of controlled geometries are highly desirable for several applications,*?° but are
generally hard to achieve.*>*2! Any conclusion drawn from the effect of a nanoparticle
formulation is not reliable when working with disperse samples since the nanoparticle size
is largely different and negative or positive results could be an artifact of only a fraction of
the nanoparticle population.*?>1?2 Therefore, CDSA on its own is not a particularly useful
technique for such applications.

Living Crystallization-Driven Self-Assembly (living CDSA) is a method that
differs from CDSA where nucleation and growth stages of micelle formation do not overlap
as the former is avoided by the use of seeds. Living CDSA can therefore be used to grow
1D or 2D BCP micelles with a crystalline core with high precision and low length or area
dispersity, respectively (P < 1.1) (Figure 1. 6). Living CDSA can be thought of as an
analogous process to living covalent polymerization of molecular monomers, where the
micelle grows proportionally with the addition of more BCP.1%3

To form low dispersity 1D or 2D micelles with length control two methods can be
used, self-seeding and seeded growth. The self-seeding approach involves gentle

sonication of disperse 1D micelles prepared by CDSA. Next, the smaller fragments are

14
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heated below the annealing temperature enabling partial dissolution of BCPs. Upon slow
cooling, the unimers released are able to crystallize at the ends of the remaining micelle
fragments and grow epitaxially. The final length of the micelles can then be controlled by
the annealing temperature and time (Figure 1. 6, top). A similar process can be achieved
by addition and subsequent removal of common solvent from the system under ambient
conditions.*®* In seeded growth, ultrasonication is used to cleave the length-disperse
nanofibers made via CDSA to yield smaller fragments termed “seeds.” When unimer is
added to a seed solution, bidirectional epitaxial growth from the crystalline core of the seed
termini occurs (Figure 1. 6, bottom).'?® The length of the resulting nanofibers can be
predicted and controlled by altering the m,,,jmer /Mseeq atio (also known as equivalents),
where Munimer 1S the mass of polymer, and mseqd is the mass of the seeds (Figure 1.
GB-F).39'123

In self-seeding, the seeds and unimers are generated in situ and the ratio depends
on the BCP concentration and sample thermal history. This limits the ability to prepare 1D
or 2D micelles of predetermined dimensions and to scale the process. On the contrary, the
seeded growth method allows to predict the dimensions of the 1D or 2D micelles in
advance as the seeds are preformed rather that generated in situ. Therefore, seeded growth
can be conducted at ambient temperature and be scale up as the nanoparticle dimensions
are independent of the BCP concentration in solution.*?°1% The seeded growth method is
more common than the self-seeding approach. The work described in this thesis utilizes

the seeded growth method.
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Figure 1. 6. A) Representation of living crystallization driven self-assembly by both self-seeding and seeded
growth methods. TEM micrographs of PFSso-b-poly(isoprene)sso hanofibers prepared via the seeded growth
method in n-hexane at different Mynimer/Mseed ratios: B) 5, C) 10, D) 20, and E) 40. F) Contour length
histograms and nanofiber length (L) VS Munimer/Mseed OF the nanofibers in B-E. Scale bar: 500 nm. A
reproduced with permission from ref 126, B-F reproduced with permission from ref 123,

Living CDSA is a versatile method from which a range of morphologies can be
accessed through the addition of compatible yet distinct BCP unimers to preformed seeds
in a sequential fashion to yield segmented micelles.84127128 For instance, 2D micelles were
prepared by addition of PLLA BCPs and PLLA homopolymers with charged termini
yielding segmented 2D micelles with spatially defined coronal-chemistries (Figure 1.
7A-C).*?° In a similar way, fluorescently-labelled color-coded PFS-based BCPs with

core:corona ratios corresponding to 2D micelles were added sequentially to preformed
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cylindrical micelles yielding segmented 2D lenticular platelets (Figure 1. 7D-F).” Living
CDSA has also allowed other kind of morphological self-assemblies such as javelin-like
micelles,*?® both centrosymmetric and non-centrosymmetric arrow-like micelles,”® and

branched micelles,*?® usually at low concentrations of solids ca. <0.5% w/w."%1%

A

)

iPrOH

(ii) )

iPrOH iPrOH

(i) PLLA-b-P2VP,+ PLLA,,[PPh,Me]l (1:1, m/m)
(ii) PLLA[PPh;Me]

Figure 1. 7. A) Representation of the formation of 2D diamond-shaped segmented micelles with PLLA-
based BCPs and homopolymers via living CDSA. TEM micrographs of diamond-shaped micelles: B) after
addition of (i), and C) after addition of (ii) and (i) to the micelles in B. D) Representation of the formation of
spatially segmented lenticular platelets by the addition of dye-tagged PFS-based BCPs. E) TEM, and F) laser
confocal scanning microscopy (LCSM) micrographs of the segmented lenticular platelets. A-C reproduced
and adapted with permission from ref 12, D-F reproduced and adapted with permission from ref 7.
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1.4.3 Living CDSA with Molecular Amphiphiles

CDSA and living CDSA are not limited to the use of BCPs with a crystallizable
core-forming block. Analogous methods have been applied to small molecular amphiphile
systems.'*9131 For instance, thiol-functionalized peptides’3®'®2 and zinc porphyrin
amphiphiles’®1** have been used in strategies similar to living CDSA to achieve
dimensional control. More complex segmented nanofibers with spatially segmented
fluorescent dye-tags and organic heterostructures have also recently been prepared from

amphiphilic naphthalene diimide derivates (Figure 1. 8).135-137

HIIM;’.‘, .'mhl}

growth

time

Figure 1. 8. Structure amphiphilic naphthalene diimides derivatives, plot of the sequential seeded growth
process, and LCSM of pentablock fibers. Reproduced and adapted with permission from ref 1%,

1.4.4 Hierarchical Architectures from Crystalline Core Micelles
Nanostructures with higher degrees of order have been developed from segmented

micelles that can further self-assemble. Amphiphilic nanofibers with polar and non-polar
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coronal segments will self-assemble when transferred into a solvent that is poor for one of
the segments but good for the other. For example, triblock segmented BCP nanofibers
made from PFS-b-poly(dimethylsiloxane) (PDMS) and two PFS-b-poly(2-vinylpyridine)
(P2VP) flanking segments were prepared via living CDSA. Transfer of the triblock
segmented nanofibers to a poor solvent for the PDMS-block, such as isopropanol, led to
aggregation of the nanofibers. By modulating the length of the PFS-b-PDMS and PFS-b-
P2VP nanofiber segments, the morphology of the resulting hierarchical assemblies was
controlled from thin and wide train track-like architectures (Figure 1. 9A-B), to 3D
superlattices through end-to-end stacking (Figure 1. 9C).}® Furthermore, hydrogen
bonding between the coronal blocks of PFS-based segmented nanofibers has allowed
access to other morphologies such as windmill-like supermicelles (Figure 1. 9D).**° In
another example, PFS-based nanofibers functionalized with carboxylic acid moieties were
used to stabilize water-in-oil Pickering emulsions yielding colloidosomes which were
subsequently crosslinked. Epitaxial growth was observed from the nanofibers surrounding
the colloidosomes after sequential addition of functional dye-tagged PFS-based unimers

(Figure 1. 9E).140
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Figure 1. 9. Hierarchical architectures prepared via the self-assembly of PFS-based nanofibers.
A-C) Segmented nanofibers made from PFS-b-PDMS (green) and PFS-b-P2VP (red) BCPs. A) Schematic
and TEM micrograph of hierarchical train track-like micelles prepared from nanofibers with PDMS segments
of 35 nm and P2VP segments of 340 nm. B) Schematic and TEM micrograph of hierarchical train track-like
micelles prepared from nanofibers with PDMS segments of 55 nm and P2VP segments of 560 nm. C)
Schematic and TEM micrograph 3D superlattices formed when short flanking PDMS segments were used
(105 nm). D) Schematic and TEM micrograph of a windmill-like supermicelle prepared via hydrogen-
bonding interactions between the coronal-blocks of PFS-based segmented fibers, scale bar: 500 nm. E)
Schematic and LCSM micrograph of colloidosomes prepared by water-in-oil Pickering emulsions from
PFS25-b-PMVS-COOH245 nanofibers stabilized by crosslinking and subsequent living CDSA with dye-
tagged PFS BCPs, PMVS: poly(methylvinylsiloxane), scale bar: 5um. A-C reproduced and adapted with
permission from ref 13, D reproduced and adapted with permission from ref *°. E reproduced and adapted
with permission from ref 140,
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1.5 Applications of High Aspect Ratio Block Copolymer Micelles for

Biomedical Applications

Amorphous and crystalline core-forming BCP nanoparticles offer desirable
properties for biomedical applications including low toxicity, biocompatibility, and high
functionalization (Figure 1. 11A).1*! Applications of BCP micelles have been extensively
reviewed, #2152 therefore this section focuses on challenges and examples of the use of
high aspect ratio nanofibers for biomedical applications, particularly for drug delivery,
materials reinforcement, and tissue engineering, in line with the aims of the work presented

in this thesis.

..~ DNAor RNA
2X00C

or

(0] QH (e}
PP

| J | “on
A

[ [ Dn
0 0 OH O, O_s
Doxorubicin |

L e

- ou

i

NH,

or

Cl,  «NHy

R 1Y NHy
“*~. Cisplatin

Surface modifications

I* Cellular targeting Q) Particle ‘stealthing'  [[] Organelle targeting

B

Mononuclear phagocyte system Nonspecific distribution Hemorheological limitations

40

d

/.

9% 30 0e)

Intratumoral pressure

Q Drug-containing
nanoparticle

@ Macrophage

Normoxic
cancer cell

O Intermediate
cancer cell

Cell membrane internalization/
endosomal escape

Hypoxic
cancer cell

W MDR pump
Figure 1. 10. A) Representation of a spherical nanoparticle engineered for cargo loading and targeting. B)
Sequential physiological barriers for drug delivery vectors. MDR: multidrug resistance, IFP: interstitial fluid
pressure. C). Postulated diffuse (dark arrow) and transcellular (red arrow) pathways for spheres and
nanofibers, respectively. A Reproduced with permission from ref 153, B Reproduced with permission from
ref 4. C Reproduced with permission from ref 54,

21



Chapter 1

1.5.1 Nanoparticle Drug-Delivery Vehicles: Considerations and Examples

One of the biggest challenges of medicine is the delivery of therapeutic agents to
specific tissues whilst overcoming many of the physiological barriers present in the human
body (Figure 1. 11B).1* A further complication is that 40% of drugs with market approval
and ca. 90% of new drug candidates are poorly soluble in water.*>> Nanoparticle drug-
delivery vehicles made from the self-assembly of BCPs have been designed to address
these limitations by virtue of the high tunability of the polymeric building blocks and their
ability to encapsulate drug molecules.>11%615" From the several parameters that will dictate
the performance of a drug-delivery vehicle, the most relevant ones for the work described
in this thesis are the size, morphology and the dispersity, D, of the nanoparticles.**®%° The
relevance of B is discussed in section 1.4.2 . A summary of relevant characteristics to be

considered for the design of drug-delivery vectors is presented in Table 1. 3.

Table 1. 3. Summary of relevant parameters for the design of polymeric drug-delivery vectors. Reproduced
and adapted with permission from ref 152,

Characteristic Effect, reason, or description

Modifies retention times, distribution, toxicity, cellular uptake,

Shape
intracellular fate, and immune system recognition.
Size 20-200 nm most promising nanoparticle sizes for in vivo applications.
Stability No drug leakage, dissociation, or detachment.
" To prevent interaction with plasma proteins, avoid recognition and
Stealt

opsonization. Increase circulation times.

Anionic or neutral charges generally have higher circulation times.
Surface chemistry
Positive charges are cleared out of the body faster.

Moieties to target specific tissues, and subcellular compartments while
Targeting
avoiding lysosomal degradation. Stimuli-responsive agents.

Administration route Effect on the barriers faced depending on the entry route.
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1.5.1.1 Size

Size-dependent effects have been identified as modifiers of the cell viability,
endocytosis rates, and metabolism.'%16! Furthermore, the size of the delivery vehicle is
important as it relates to the mechanism by which it will be cleared from the body and
therefore it impacts the circulation times of a nanoparticle system. Nanoparticles <5 nm in
diameter will undergo fast renal clearance upon intravenous administration. Nanoparticles
>200 nm in size will undergo splenic filtration, and particles from 2 — 5 um will tend to
readily accumulate within the capillaries of the lungs.}* Most tumor blood vessels have
fenestrations of ca. 200 nm. Nanoparticles from 100 — 200 nm have shown ability to
extravasate from blood vessels to tumors.}* However, if the targeted tissue is within the
brain the nanoparticle needs to traverse the blood-brain-barrier which has a pore size of ca.
12 nm. In general, dimensions of 20 — 200 nm represents the most promising nanoparticle
size range for in vivo applications, however, the pore size of the final targeted tissue also

needs to be considered.®!

1.5.1.2 Shape

The most commonly studied nanoparticle morphology for drug-delivery is
spherical .52 The widespread development of spherical vectors results from the easy access
to spherical micelles via amorphous BCP self-assembly.3*’® However, high aspect ratio
nanoparticles termed nanofibers, nanoworms, fiber-like, and rod-like micelles have been
the subject of recent investigations and significant advantages for certain applications have
been attributed to their inherent morphology.131%* For example, PEGylated BCP fiber-like
micelles with core-forming blocks of either biodegradable PCL or poly(ethylethylene) with

lengths of 1 and 8 um were shown to circulate ten-times longer than spherical analogues.
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This was attributed to the alignment of the fiber-like micelles with the blood flow imparted
by hydrodynamic forces. The fiber-like micelles delivery performance of paclitaxel to
tumor models was also higher than the studied spheres.®” Tumor penetration by high aspect
ratio nanoparticles also appears to be higher than spherical micelles. For example, the
tumor penetration of PEGylated gold-doped nanostructures was higher than with spherical
and discoidal analogues in mice models. % Recently, PFS-based nanofibers made via living
CDSA were shown to internalize more efficiently than spherical micelle counterparts into
multicellular tumor spheroids. The authors postulated that the nanofibers followed a more
efficient transcellular pathway than the diffusive pathway taken by the spheres (Figure 1.
11C).®* Antibody-functionalized polystyrene worm-like particles have shown lower
uptake rates than spherical analogues by phagocytes.®® Furthermore, the uptake by RAW
264.7 macrophages of spherical nanoparticles, made from PLLA-based BCPs
functionalized with mannose was higher than the cylindrical counterparts prepared via

living CDSA.1¢

1.5.1.3 Nanoparticle Surface Functionality

The nanoparticle surface plays a pivotal role as it can affect the hydrophobicity,
immunogenicity, surface charge, circulation time, distribution and internalization
mechanisms of delivery vectors.*®! For example, PEG has been used widely to increase the
circulation times and provide a stealth barrier to nanoparticles.'®®%® To enhance the
nanoparticle specificity antibodies and peptides have been conjugated to the nanoparticle
surface 14151170171 Stimuli responsive approaches have also been developed to increase
nanoparticle selectivity via pH-sensitive, thermoresponsive, and ultrasound methods. 5172

Of interest to the research described in this thesis, polysaccharides have been also used for
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the targeting of cancer tissues.'”>1™* Other molecules such as folic acid have also been
employed to target the folate receptors overexpressed in cancer cells.t’>7® Buffering
agents can be incorporated into the surface of nanoparticles for endosomal escape to avoid
lysosomal degradation.t’” Overall, there are a vast range of tools to decorate the surface of
nanoparticles and different considerations that need to be taken into account when
designing a drug delivery vector, including the size, the shape, the B, and the surface

chemistry, as there is no universal formula suited for every application.

1.5.1.4 Nanofibers for Drug Delivery Applications: A Brief Perspective

Despite the progress in the field, in 2016 a thorough study of 232 articles from
2005 — 2015 revealed that the overall nanoparticle delivery efficiency towards tumors was
of only 0.7%, which means that only 7 out of 1,000 nanoparticles entered a solid tumor in
mouse models (Figure 1. 11A).1"® However, the same study underscored that the highest
delivery efficiency to tumors was achieved by high aspect ratio nanoparticles (Figure 1.
11B).1"8 The higher performance of nanofibers or rod-like structures for some applications
is likely related to the morphological advantages of these kind of structures compared to
spherical or other shape analogues as mentioned earlier in section 1.5.1.2 . However,
nanofibers are the least developed nanoparticle morphology. This may be explained by the
difficulty associated to access pure morphological 1D micellar assemblies with precise
control on the length and with low length-dispersities.'” Only a few examples were
morphologically pure, non-covalently loaded, fiber-like solutions have been
reported.®”818 Morphologically pure, length-controlled, and low dispersity polymeric
fiber-like drug loaded formulations, where cargo is non-covalently bound, have not been

reported. This drawback results from the processing method were BCP self-assembly and
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cargo loading coincide in time and space,!”'8%18 thus limiting the control over the
nanoparticle properties. Living CDSA, although a promising method for the preparation of
pure 1D micelles of controlled length and low dispersities, is limited by the inability of the
crystalline core to encapsulate cargo.’®'8 To address this, covalent corona loading
strategies have been developed,'® but non-covalent loading is desirable to facilitate drug
release. Furthermore, this loading method may be unsuitable for drug molecules with poor
solubility in aqueous media. Another issue is that a limited number of crystallizable core-
forming BCPs potentially suitable for biomedical applications are currently known to
undergo living CDSA.%10211L189 Although it appears that nanofiber-based therapeutics
have very promising potential for drug-delivery applications, the need of viable nanofiber
systems and methods for the non-covalent loading of length-controlled nanofibers have
prevented their use. Therefore, an important aim of the research described in this thesis

was to bridge the gap between the development of nanofibers made via living CDSA and

their non-covalent loading.
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Figure 1. 11. A) Nanoparticle delivery efficiency to solid tumors from 2005 — 2015.B) Delivery efficiency
to solid tumors based on the morphology of the nanoparticle vector. Data presented results from 232 data
sets published from 2005 — 2015. The blue boxes represent the 25" to 75" percentiles. Black lines the median

value, and the red dashes indicate the median of the nanoparticle delivery efficiency. Reproduced and adapted
with permission from ref 178,
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1.5.2 Nanofibers for Materials Reinforcement and Tissue Engineering

Fiber-like BCP nanoparticles have found applications in the materials
reinforcement field. For example, poly(ethylene-alt-propylene)-b-PEG wormlike micelles
were blended within a bisphenol A-based epoxy resin. The fracture toughness of the
resulting resin containing wormlike micelles was improved by more than 100% compared
to the epoxy resin on its own. Compared to the epoxy resin containing spherical analogues,
the wormlike-containing resin performed considerably better.*®® Nanofibers made via
CDSA have also been spin-coated onto polystyrene fibers rendering nonwovens
catalytically-active.’®® In a recent contribution, the role of nanoparticle shape in the
adhesive and mechanical properties of hydrogels was reported, although in this case
platelets outperform nanofibers which were shown to outperform spheres.’® Enhancement
of alginate hydrogel mechanical properties has also been evaluated based on the length of
nanofibers made via living CDSA. The strain at flow point was enhanced by 37% with
nanofibers of ca. 500 nm in length.”® Since most extracellular matrices (ECMs) are made
from hydrogels with fibrous networks,**21% it is of significant relevance for the tissue
engineering field to develop hydrogel-fiber systems to advance the field as it has been
shown that the ECM mechanics plays an important role in stem cell differentiation.!%+19°
To further develop the materials reinforcement and the tissue engineering fields nanofiber
networks could be utilized to enhance the properties of composites. However, the
formation of BCP micellar networks has mainly been achieved with spherical nanoparticles
at high concentrations via the self-assembly of associative triblock copolymers
(triBCPs),*>1%1% Figure 1. 12. Chapter 4 of this thesis focuses on the formation of

nanofiber micellar networks.
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Low concentration: High concentration:

—— Hydrophilic block
—— Hydrophobic block

Figure 1. 12. Representation of spherical flower-like micelle networks formed from triBCPs at high
concentrations. Reproduced with permission from ref 200,

1.6 Synthesis of Polycarbonate BCPs

Aliphatic polycarbonates are promising biomaterials owing to their degradability,
biocompatibility, and low toxicity.?! It has been shown that aliphatic polycarbonates
undergo accelerated enzymatic degradation in vivo and slow hydrolytic degradation in
vitro with no harmful degradation products.?°? These materials are relevant for a range of
uses, including drug delivery and biomedical applications.?®®?%* The ring-opening
polymerization (ROP) of cyclic carbonate monomers is one of the best strategies for the
control over the molecular weight and polymer architecture. Polycarbonate-based materials
can be synthesized by ROP via organocatalytic, anionic, cationic, coordination-insertion,
or enzymatic methods.?% In this thesis, the preparation of polycarbonate materials for the
preparation of BCPs is conducted via the organocatalytic method with 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) as catalyst for the ROP of the cyclic carbonate
monomer fluorenetrimethylenecarbonate (FTMC) (Scheme 1. 1).

Poly(fluorenetrimethylenecarbonate) (PFTMC) was selected as the crystallizable core-
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forming block of the BCPs used in this thesis as the self-assembly of PFTMC-based BCPs

in selective solvents have yielded crystalline core-forming nanofibers.%

Scheme 1. 1. Synthesis of PFTMC via ROP of the cyclic fluorenetrimethylenecarbonate monomer. Catalyst
used 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU).
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1.7 Thesis Research Objectives

The introduction of this thesis has discussed basic principles and recent advances
of supramolecular and BCP self-assembly, with emphasis on specific examples of
nanoparticles utilized for biomedical applications. CDSA and living CDSA have been used
as convenient methods towards the development of non-spherical micelles with low core-
corona interfacial curvatures such as 1D micelles and 2D platelets with controlled
dimensions. Sequential living CDSA have also been utilized to generate 1D and 2D
micelles with segmented chemistries. Beyond single nanoparticles, hierarchical self-
assemblies have been prepared by exploiting the interactions between the corona-forming
blocks of 1D fiber-like micelles. However, most of the research regarding nanoparticles
with crystalline core-forming blocks has focused on non-biomedical applications, and is
mainly based on PFS-containing BCPs. Therefore, the overall aim of the work described
in this thesis is to develop high-aspect-ratio crystalline core nanofibers with well-defined

dimensions, segmented chemistries, and nanofiber networks for use in biomedical

applications based on the self-assembly of PFTMC-containing BCPs.
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1.7.1 Exploration of the Non-Covalent loading of Nanofibers with a Crystalline Core
High-aspect ratio nanoparticles have demonstrated advantages for their use as
drug-delivery vectors based on their morphological advantages and higher delivery
efficiency to tumors, but loading of cargo in nanoparticles with such morphology is a major
challenge. The dimensions of most polymeric nanofibers intended to be used for drug-
delivery are not well controlled, and there was no study of a drug-loaded polymeric
nanofiber system with controlled dimensions reported prior to this work. One of the
objectives of the research described in this thesis is to develop water-soluble nanofibers
with crystalline cores and of controlled dimensions capable of loading cargo via
non-covalent interactions to enable the use of nanofiber-based therapeutics. Therefore, the
work described in Chapter 2 focus on the design and cargo loading of triblock copolymer
coaxial-core nanofibers with a crystalline inner-core, an amorphous outer-core, and a
water-soluble corona-forming block. In Chapter 3, the aim is to study the non-covalent
loading of hydrophobic cargo by diBCP nanofibers. In addition, the effect of the chemical

nature and the length of corona-forming blocks on the loading was investigated.

1.7.2 Development of Fiber-Like Micelle Networks

Discrete 1D and 2D nanoparticles made via CDSA protocols have proven useful
for materials reinforcement and for enhancing the mechanical and adhesion properties of
hydrogels. The premise of regenerative medicine is to restore the normal function of cells,
tissues, and organs.?%® Tissue engineering uses extracellular matrices or hydrogels for the
growth and development of synthetic tissues. Recently, 1D flower-like micelles were
prepared from triBCPs via the living CDSA method, but only well-defined flower-like

nanofibers were observed.?®” Micellar networks (or bundles) based on nanofibers with a

30



Chapter 1

crystalline core have not been reported yet. Nanofiber networks may find applicability for
materials reinforcement and for tissue engineering applications as the mechanical
properties of a nanofiber bundle are expected to be higher than a discrete nanofiber and
consequently composites may be stronger. The work described in Chapter 4 focus on the
self-assembly of triBCP with crystallizable PFTMC terminal segments to yield, for the first

time, fiber-like micelle networks.

1.7.3 Preparation of Nanofibers with Targeting Capabilities and Segmented Nanofibers

Chapters 2 and 3 of this thesis, focus on studies regarding the non-covalent cargo
loading by coaxial-core and diBCP nanofibers. However, an efficient drug-delivery vector
requires a degree of passive, active targeting, or both in the best scenario. The research in
Chapter 5 aims to incorporate both passive and active targeting into PFTMC-based
nanofibers by precisely controlling the length of the nanofibers and by incorporating a
corona-forming block with known targeting capabilities. Finally, one of the objectives of
the work described in Chapter 5 is to develop segmented nanofibers with sections suited

for the multiple barriers and stages of the drug delivery process.

1.8 Thesis Structure and Collaborator Acknowledgements
1.8.1 Thesis Structure

This thesis is comprised of different research projects based on the self-assembly
of PFTMC-containing block copolymers. One introduction chapter, four results chapters,
and a final chapter is provided with a summary, future directions, and outlook. In line with
the research group policy of Prof. lan Manners, each result chapter of this thesis is self-

contained with individual introduction, results, discussion, and summary sections in a
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format that is suitable for publication and peer-review. The contents of each subsequent
chapter are as follows:

Chapter 2: Cargo Encapsulation in Uniform, Length-Tunable Aqueous Nanofibers
with a Coaxial Crystalline and Amorphous Core.

Chapter 3: Hydrophobic Cargo Loading of Uniform, Length-Tunable Aqueous
Diblock Copolymer Nanofibers with a Crystalline Core at the Core-Corona Interface.

Chapter 4: Fiber-Like Micelle Networks from the Solution Self-Assembly of
B-A-B Triblock Copolymers with Crystallizable Terminal Polycarbonate Segments

Chapter 5: Length-Tunable Water-Soluble Block Copolymer Nanofibers and
Segmented Nanofibers with a Crystalline Core and a Polyfructose Corona for Cancer
Targeting and Drug-Loading.

Chapter 6: Summary, Future Directions, and Outlook

1.8.2 Collaborator Acknowledgments

As part of a large research group, projects are generally conducted with
collaboration of colleagues and credit for their contributions are acknowledged below.

Chapter 2: Reproduced from Macromolecules 2021, 54 (12), 5784-5796.
Synthesis of polymers, self-assembly, loading of nanofibers, and characterization
conducted by Juan Diego Garcia Hernandez. Energy minimization calculations were
conducted by Dr. Steven Street. AFM was conducted by Dr. Yuetong Kang. Laser confocal
scanning microscopy was conducted in collaboration with Dr. Yifan Zhang. Initial
scientific design of the experiments was conducted in collaboration with Dr. Steven Street

and Prof. lan Manners. Research was conducted at the University of Victoria.
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Chapter 3: Contains unpublished results. Synthesis of polymers, characterization,
and self-assembly were conducted by Juan Diego Garcia Hernandez. Loading of nanofibers
were conducted in collaboration with Hayley Parkin. Initial scientific design of the
experiments was conducted by Juan Diego Garcia Hernandez. Research was conducted at
the University of Victoria.

Chapter 4: Contains unpublished results. Synthesis of polymers, and
characterization were conducted by Juan Diego Garcia Hernandez. Self-assembly
experiments were conducted in collaboration with Dr. Yuetong Kang and Dr. Tomoya
Fukui. AFM was conducted by Dr. Yuetong Kang. Initial scientific design of the project
conducted by Juan Diego Garcia Hernandez with input from Dr. John Finnegan. Research
was conducted at the University of Victoria.

Chapter 5: Contains unpublished results. This research was conducted by Juan
Diego Garcia Hernandez. Helpful discussions were provided by Dr. Chuangi Zhao.
Research was conducted at the University of Victoria.

Chapter 6: This work was conducted by Juan Diego Garcia Hernandez.
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2.1 Abstract

Low dispersity, length-tunable, water-dispersable block copolymer nanofibers with
spatially-controlled functionalization and a crystalline core have recently become
accessible using the living crystallization-driven self-assembly (CDSA) seeded-growth
method. Unfortunately, a potential obstacle to their use as delivery vectors is that
encapsulation within the ordered, crystalline core is expected to be highly problematic.
Herein, we address this problem through the design of an ABC triblock copolymer (triBCP)
with a crystallizable poly(fluorenetrimethylenecarbonate) (PFTMC) core-forming block
(A), a hydrophobic amorphous poly(butyl methacrylate) (PBMA) central block (B), and a
hydrophilic poly(N-isopropylacrylamide) (PNIPAM) corona-forming block (C). Living
CDSA of the triBCP in polar organic media yielded nanofibers of predetermined and
uniform length, with a crystalline PFTMC core and a solvated PBMA-b-PNIPAM corona.
Transfer to aqueous media led to the collapse of the PBMA block to yield nanofibers
comprised of an inner crystalline PFTMC core surrounded coaxially by an outer
amorphous PBMA core with a solubilizing PNIPAM corona. Performing a solvent switch
from organic to aqueous media in the presence of a model hydrophobic cargo, Nile Red
(NR), led to efficient encapsulation of the dye in the outer PBMA core, while the reverse
solvent switch facilitated NR release. We estimate that only ca. 14% of the core volume is
occupied by the crystalline PFTMC leaving 86% available for encapsulation. The results
suggest that nanofibers with a coaxial crystalline and amorphous core are promising for the
development of tailored, nanoparticle-based drug delivery systems with low dispersity and

precise dimensions.
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2.2 Introduction

Nanoparticle-based drug delivery vectors hold major potential for the treatment of
avariety of diseases, including cancer.}® Nanoparticles help minimize issues in “free” drug
therapies such as poor solubility, non-specific tissue damage, degradation, poor
biodistribution, side effects, and unfavorable pharmacokinetics.*® To be used as delivery
vectors, nanoparticles must address critical requirements prior to clinical use.® The ideal
nanoparticle vector would be non-toxic and biocompatible,” degradable,® able to release
cargo in a controlled manner,® and capable of exhibiting a high cargo loading capacity.'
The effectiveness of a treatment is related to the ability of the system to facilitate drug
accumulation at particular tissue or organelle; therefore nanoparticle engineering is of
fundamental importance.!**® Essential properties such as surface chemistry,!* targeting
ability,>® morphology,'’8 size,!® shape,’® and dispersity (D)?*2! dictate cellular uptake,
biodistribution, clearance, and ultimately the success of nanoparticle-based
therapeutics.1122-%

Nanoparticle vectors can be synthesized from a range of materials.? However,
polymeric nanoparticles are of broad interest as the macromolecular components can be
easily modulated to yield delivery vehicles with different characteristics such as surface
chemistry, size, and shape.?” Non-spherical morphologies have exhibited significant
advantages over conventional spherical geometries, particularly those with high aspect
ratios.?® For example, high-aspect ratio 1D nanoparticles often benefit from improved
retention times,?® pharmacokinetics,® tumor penetration,32 and specificity,* as well as

reduced phagocytosis,®** and renal clearance.® Despite evidence of the substantial
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advantages of high aspect ratio materials, access to low dispersity and morphologically
pure nanofibers of controlled length remains a considerable challenge.¢’

Recent research has focused on the self-assembly and loading of amphiphilic block
copolymer nanoparticles that contain an amorphous, hydrophobic core-forming block, and
a solubilizing, hydrophilic corona-forming block. These assemblies can form high aspect
ratio core-shell nanoparticles, termed nanoworms, that are capable of encapsulating
hydrophobic cargo.?®®3 They are however generally difficult to access in
morphologically pure form and length control is a major obstacle.3® Crystallization-driven
self-assembly (CDSA) has recently emerged as a versatile method that utilizes amphiphilic
block copolymers with a crystallizable core-forming block to drive self-assembly into
morphologies with a low curvature core-corona interface, such as 1D nanofibers and 2D
platelets.®® Living CDSA, a seeded growth method, enables access to low dispersity 1D
and 2D nanoparticles with control over the size and surface chemistry.*%4> Nanofibers and
nanoplatelets with tailored coronal chemistries (including segmentation) are of interest as
modular, multifunctional nanoparticles that can possess targeting or tracking
capability.3246-49 Whilst the use of a crystalline core brings important advantages, it also
inhibits the non-covalent loading of hydrophobic cargo into the core,>*5? limiting potential
drug delivery applications. A further complication is that, to date, only a limited number
of crystallizable polymers that are potentially suitable for biomedical applications are
currently known to undergo living CDSA. 42475354

Recently, we reported a noncytotoxic, poly(fluorenetrimethylenecarbonate)
(PFTMC) block copolymer that was able to yield low dispersity aqueous nanofibers of

controlled length via living CDSA. Building on this previous work, herein we provide
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proof of concept studies which demonstrate that aqueous polymer nanofibers of controlled
length are capable of non-covalently binding valuable cargo for use as delivery vehicles.
This was achieved by using a coaxial-core approach, where the crystalline PFTMC core is
surrounded by an amorphous core that can encapsulate hydrophobic cargo, with aqueous

colloidal stability maintained through a hydrophilic corona.

2.3 Results
2.3.1 Design of the triBCP Coaxial-Core Nanofibers

Although crystalline materials have been used previously for the encapsulation of
small molecules and gases,'>*®**" we rationalized that the crystalline core of PFTMC
nanofibers was unlikely to be capable of efficiently encapsulating hydrophobic cargo
without disrupting the crystallization process and inducing crystal defects. We envisaged
that a hybrid system should provide the advantages of both amorphous- and crystalline-
core materials, namely in terms of encapsulation and controlled self-assembly, without any
of the disadvantages. We therefore designed a coaxial-core nanofiber system comprised of
a crystalline ‘inner core,” a hydrophobic amorphous ‘outer core,” and a water-soluble
corona.

The crystalline and hydrophobic PFTMC was selected for the ‘inner core’ as it has
been previously shown to yield colloidally stable aqueous nanofibers via living CDSA.>>°8
An amorphous, hydrophobic central block was required as an ‘outer core’ to encapsulate
cargo. This block must remain soluble under the living CDSA conditions to avoid potential
interference with the formation of the crystalline PFTMC inner core by epitaxial growth.
Poly(butyl methacrylate) PBMA meets these requirements as it is an amorphous and

hydrophobic polymer that has been previously used to encapsulate hydrophobic drugs,®
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and it presents a moderate solubility in alcoholic solvents.®® Finally, to provide colloidal
stability in water and further protect the cargo, a hydrophilic corona-forming block was
required. For this segment, PNIPAM was selected as it is a water- and alcohol-soluble,
thermoresponsive material that has been previously used in drug delivery formulations, and
may be of utility in triggering the release of cargo upon external stimuli.®* Therefore,
through careful design, we envisaged that a PFTMC-b-PBMA-b-PNIPAM triBCP would
fulfill our requirements: namely, (i) by enabling living CDSA to yield low dispersity
nanofibers which in aqueous media possess a coaxial crystalline-amorphous (PFTMC-b-
PBMA) core, and (ii) by possessing the ability to encapsulate cargo through hydrophobic

interactions®? by means of the PBMA block (Figure 2. 1).

A Cargo Encapsulation in Coaxial-Core Nanofibers

Organic media Aqueous media

°  Transfer
to H,0

— Crystalline PFTMC ‘inner core’
eHydrophobic cargo (dye/drug)
Amorphous & hydrophobic
PBMA ‘outer core’
— Water soluble PNIPAM corona

Soluble PBMA corona

B PFTMClg-b PBMA,,-b-PNIPAM,,

pha

Figure 2. 1. Concept for loading hydrophobic cargo into coaxial-core nanofibers formed from PFTMC-b-
PBMA-b-PNIPAM. A) Process for encapsulating hydrophobic cargo (red) in the hydrophobic amorphous
PBMA ‘outer core’ (green) of preformed nanofibers upon transfer to H,O, with the role of each component
of the system described. B) Structure of color-coded PFTMC1g-b-PBMAu4-b-PNIPAM~, triBCP used in this
work.
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The degree of polymerization (DP,) of each block in the PFTMC-b-PBMA-b-
PNIPAM triBCP was designed based on previous reports that core:corona DPj, ratios of ca.
1:5 to 1:20 are generally required to yield nanofibers.®>54 Here, the triBCP core to corona
ratio was 1:7 to meet such requirements and the DP, of the PFTMC block (18) was
consistent with previous work.>® However, the DP, of the PBMA segment (44) was
designed as large as possible to maximize the potential cargo loading capacity whilst
retaining colloidal stability under agqueous conditions, and good solubility under the
alcoholic conditions used for self-assembly. Thus, our selected core to corona ratio
includes the PBMA segment as part of the corona. The DP, of the corona-forming
PNIPAM block (70) was selected to ensure adequate water solubility combined with an

efficient rate of growth via living CDSA.®

2.3.2 Synthesis and Characterization of PFTMC-b-PBMA-b-PNIPAM triBCP

The PFTMC1s-b-PBMAu4-b-PNIPAM7 triBCP was prepared using a combination
of ring-opening polymerization (ROP) and reversible addition-fragmentation chain-
transfer (RAFT) polymerization. First, the chain transfer agent (CTA) functionalized
PFTMC1s homopolymer was obtained by ROP of the cyclic carbonate spiro[fluorene-9,5'-
[1,3]-dioxan]-2’-one (FTMC) monomer using 2-cyano-5-hydroxypentan-2-yl ethyl
carbonotrithioate as an initiator to yield PFTMC1s-CTA. This was characterized using
matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass
spectrometry (Mn = 4,800 g/mol, Figure S2. 1), gel permeation chromatography (GPC, Dwm
=1.17, polystyrene standards, Figure S2. 2) and NMR spectroscopy (Figure S2. 3). RAFT
polymerization of the PFTMC1s-CTA with butyl methacrylate in dioxane yielded the

intermediate diblock copolymer, PFTMC1s-b-PBMA44 (M = 13,200 g/mol, Hm = 1.12 by
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GPC, Figure S2. 2) with the DP, values determined via *H NMR integration (Figure S2.
4). Subsequent RAFT polymerization of the isolated intermediate with N-
isopropylacrylamide monomer yielded the triBCP, which was precipitated from MeOH
and then purified by flash chromatography to remove homopolymer impurities from the
first reaction (water-initiated ROP of FTMC). The PFTMCis-b-PBMAus-b-PNIPAM7o
triBCP was characterized by *H NMR, 2D *H COSY NMR and GPC (M, = 21,200 g/mol,
Dwm =1.32. Figure S2. 2, 5, 6). The interaction of the amino-group containing PNIPAM
block with the GPC column likely contributes towards the broadening of the peak observed
in the refractive index traces. Such issues have been previously noted for the analysis of
PNIPAM-based materials.®® Tailing to the low molar mass was also detected in the GPC
traces of other PNIPAM -containing materials prepared in this study (Figure S2. 2, 7B, 15),
resulting in an overestimation of the dispersities reported.®” The homopolymers PBMA130
and PNIPAM:7g homopolymers were also synthesized via RAFT for solubility experiments
(DP;, determined via *H NMR integration, Figure S2. 8, 9). Polymer characterization data
is summarized in Table S2. 1.
2.3.3 Self-Assembly and Seeded Growth of PFTMC-b-PBMA-b-PNIPAM to Form
Nanofibers

To produce nanofibers of controlled length and low dispersity, a combination of
CDSA (self-nucleation) and living CDSA (seeded growth) was used in sequence. First, the
solution state self-assembly of PFTMCis-b-PBMA4s-b-PNIPAM7o was investigated
(Figure 2. 2A). THF and DMSO were preselected as common solvents, the triBCP
exhibited excellent solubility in both THF and DMSO (Figure S2. 10). Since PNIPAM and
PBMA possess moderate-to-good solubility in alcoholic solvents®*€%% whilst PFTMC is

insoluble,®® we selected H.O, MeOH, EtOH, and iPrOH as selective solvents for the
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PNIPAM corona (Table S2. 2). Our first attempts at forming disperse nanofibers via
spontaneous nucleation in mixtures of the above solvents at 1:9 common:selective solvent
ratio (v/v) vyielded exclusive nanofiber formation in THF:MeOH, THF:EtOH,
DMSO:MeOH, and DMSO:EtOH mixtures as evidenced by TEM (Figure S2. 11D-G).
Solvent mixtures with either H2O or iPrOH yielded a mixture of spheres and nanofibers
(Figure S2. 11B-C, H-I). The formation of spheres is a likely consequence of the rapid
precipitation of the PFTMC block under these conditions due to the existence of
insufficient time for crystallization leading to an amorphous core.®® 0 Optimized conditions
for spontaneous nucleation involved annealing the triBCP (1.5 mg/mL) in a 15:85
THF:MeOH (v/v) solution at 70 °C for 3 h, followed by cooling to 20 °C and a 48 h ageing
period. TEM analysis revealed morphologically pure nanofibers that were uniform in width
(Wh=12.6 nm, B = 1.03, 0 = 2 nm, Figure S2. 12) but disperse in length (> 3 um, Figure
2. 2B). All TEM samples in this work were negatively stained with uranyl acetate solution
(3 wt% in EtOH), the good interaction of the staining solution with the nanofiber-corona
(PNIPAM-b-PBMA) but not the crystalline-core (PFTMC), results in a bright nanofiber-
core against a dark background.

Seed nanofibers were prepared by sonication of the diluted length disperse
nanofibers (0.5 mg/mL in a 15:85 THF:MeOH solution) for 3 h at 10 °C. TEM analysis
revealed short nanofibers of 22 nm in length (P = 1.12, ¢ = 7.7 nm, Figure 2. 2C). Low
dispersity nanofibers of controlled length were then prepared via the living CDSA method.
Briefly, unimeric PFTMC1g-b-PBMA4-b-PNIPAM7o in THF (10 mg/mL) was added to
solutions of seed nanofibers in 15:85 THF:MeOH mixtures (0.1 mg/mL) followed by a 48

h aging period. By tuning the unimer to seed ratio (Munimer/Mseed) from 0:1 to 50:1, we were
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able to achieve length control from 22 nm (b =1.12,6=7.7 nm) to 818 nm (P = 1.06, ¢ =
192 nm), as evidenced by TEM (Figure 2. 2D-G, S2.13). The width of the crystalline-core
of the nanofibers prepared via living CDSA was found to be ~12.3 nm by TEM (H = 1.03,
o =2 nm, Figure S2. 12), which was consistent across assemblies of all lengths and with
previous work where PFTMCis was found to undergo one chain fold.>® Low length and
width dispersity nanofibers were obtained in all seeded growth experiments, and a linear
dependency of the final length vs Munimer/Mseed ratio was observed (Figure 2. 2H-J, S2. 12,
13, Table S2. 3, and section 2.6.7 2.6 ). Moreover, the lengths of the nanofibers were
unchanged upon leaving the samples for 4 months which suggested that all of the added

unimer had been consumed.
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Figure 2. 2. Preparation of low dispersity nanofibers of controlled length. A) Schematic representation of the
generation of low dispersity PFTMCis-b-PBMAus-b-PNIPAM7o nanofibers through the living CDSA
method. B) TEM of disperse PFTMCis-b-PBMA44-b-PNIPAM7o nanofibers (0.5 mg/mL) prepared in
THF:MeOH (15:85 v/v), after annealing at 70 °C for 3 h, and aged for 48 h. C) TEM of seed nanofibers
(22nm, b=1.12, ¢=7.7nm) prepared through sonication of the disperse nanofibers (from B, in
THF:MeOH) for 3h at 0 °C. D-G) TEM images of low dispersity nanofibers prepared through seeded-growth
by addition of unimer in THF to the nanofiber seed solution at: D) 2.5:1 E) 10:1 F) 20:1 and G) 30:1
Munimer/Mseeq Fatios. H) nanofiber length summary. 1) Contour length histograms of seeds and low dispersity
nanofibers J) Plot of munimer/Mseed against Ln. TEM images were stained with uranyl acetate (3 wt% in EtOH).
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2.3.4 Characterization of the PBMA Coaxial ‘Outer Core’ in Segmented A-B-A Triblock

Nanofibers.

The living CDSA method allows for the preparation of segmented nanofibers with
spatially localized coronal chemistries, thus enabling direct comparisons of the dimensions
of the constituent nanofiber blocks. Therefore, to investigate if segmented nanofibers can
be produced from PFTMC1s-b-PBMA4-b-PNIPAM7 seeds, and to gather evidence of the
formation of the PBMA coaxial-outer-core, segmented A-B-A PFTMCis-b-PNIPAMaz5-m-
PFTMC1s-b-PBMA44-b-PNIPAM7o-m-PFTMC1s-b-PNIPAM42s nanofibers were prepared by
utilizing a PFTMC1g-b-PNIPAM42s diBCP as the flanking ‘A’ segment (Figure 2. 3).
Briefly, PFTMCus-b-PNIPAM42s was synthesized via RAFT polymerization with N-
isopropylacrylamide from the intermediate PFTMC1s-CTA, and purified using flash
chromatography to remove traces of residual homopolymer (Figure S2. 14, 15). Then, to a
solution of 412 nm (P = 1.04, o = 78 nm) PFTMC1s-b-PBMA4-b-PNIPAM~o nanofibers
(in THF:MeOH 15:85), 1 equivalent (Munimer/Mseed) Of the unimeric PFTMCis-b-
PNIPAMa2s diBCP (in THF) was added, and aged for 48 h. TEM analysis revealed an
increase in length of the nanofibers from 412 nm to 701 nm (P = 1.03, ¢ = 112 nm),
however it was not possible to convincingly distinguish the ‘A’ and ‘B’ segments via TEM
due to similar uranyl acetate staining interactions with the corona-blocks (Figure 2. 3B).
Atomic Force Microscopy (AFM), however, enabled differentiation of the nanofiber
segments (Figure 2. 3C). AFM analysis revealed that the core dimensions of the PFTMC s-
b-PBMAus-b-PNIPAM7o nanofiber (B) segment were significantly greater than that of the
terminal PFTMC1s-b-PNIPAMa42s (A) segments. The larger height (ca. 13 nm) and width
(ca. 48 nm) dimensions of the ‘B’ segment were observed despite the larger DP, of the

PNIPAM corona in the terminal segments (A, DPn = 425) when compared to the central
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segment (B, DP, = 70, Figure 2. 3C-E). This indicated that the PNIPAM corona makes a
minimal contribution towards the topological analysis of either segment. This demonstrates
that the increase in core-size results from the presence of PBMA that coaxially surrounds
the crystalline PFTMC inner core as the DP, of the PFTMC inner core is identical in both
segments. The cross-section of the crystalline PFTMC core is presumably rectangular
based on the TEM analysis of the width (12.3 nm, Figure S2. 12), and the AFM analysis
of the height (8.5 nm, Figure 2. 3. See supplementary discussion in section 2.6.7 on

multifunctional segmented A-B-A nanofibers, Figure S2. 16, 17, 18).

A
PFTMClS-b-PNIPAM,m PFTMCm-b-PBMA44-b-PNIPAMyo

25 50 75 100 125 150 175
Length (nm)

Atrace Asegment B segment A & Bsegments Asegment B segment A & B segments
B trace height (nm) height (hnm) A height (nm) width (hnm) width (hnm) A width (nm)

AFM 8.5 12.5 4 25 48 23 nm

Figure 2. 3. A) Structure of segmented PFTMC15-b-PNIPAMu25-m-PFTMC1s-b-PBMA44-b-PNIPAM7¢-m-
PFTMCag-b-PNIPAMa2s nanofibers (m = micelle segment), analyzed by: B) TEM (L, =701 nm, b = 1.03, ¢
= 112 nm) and C) AFM. D) Height profiles of the segmented nanofibers. The pink and green traces
correspond to the terminal PFTMCig-b-PNIPAM425 segment, and the purple and black traces correspond to
the PFTMCig-b-PBMAs-b-PNIPAM7 segment. Orange dashed line traced to get L, values at the
intersections. E) Summary of AFM dimensional analysis of the segmented nanofibers.

69



Chapter 2

2.3.5 Loading of Length Disperse Coaxial Nanofibers with NR via Dialysis

Having demonstrated control over nanofiber length and achieving basic insight into
the nature of the coaxial core, we investigated the solubility of PFTMC1s-b-PBMAu4s-b-
PNIPAM7o nanofibers in deionized water before attempting to load the nanofibers with
cargo. Nanofiber solutions were placed in dialysis membranes (MWCO 12 — 14 kDa), and
the solvent was exchanged from THF:MeOH 15:85 to water. The nanofibers exhibited
good solubility and colloidal stability in organic and aqueous media for at least one year.
However, significant nanofiber fragmentation occurred upon dialysis into water as
observed via TEM analysis (Figure S2. 19). Such behavior has been previously observed
for other polymeric micelles with a crystalline core,*”™* and is believed to occur due to the
induced stress to the core from the corona swelling upon solvent exchange.’”>"

Nanofiber loading was explored with a fluorescent dye, Nile Red (NR), as an
example of a model hydrophobic cargo. The fluorescence emission spectra of NR is
affected by the nature of the local solvent environment.” The emission wavelength of NR
undergoes a red-shift with an increase in polarity of the surrounding molecular species until
its fluorescence is fully quenched in water, making it an excellent probe to assess the
encapsulation process.” First, we aimed to investigate if the presence of the hydrophobic
NR is detrimental for the crystallization of the PFTMC core-forming block during the
spontaneous nucleation step, as external molecules are known to interfere with
crystallization processes.”® Briefly, after heating unimeric PFTMCis-b-PBMA4s-b-
PNIPAMp7 in the presence of NR in 15:85 THF:MeOH (v/v) at 70 °C, followed by cooling
to 20 °C and a 48 h ageing period, the resulting nanofibers were examined by both TEM
and laser confocal scanning microscopy (LCSM). TEM revealed nanofibers that were

several um long (> 3 um) which indicated that CDSA proceeded successfully in the
70



Chapter 2

presence of NR. LCSM exhibited a red background with no distinguishable morphological
features (Figure S2. 20A-C). Subsequent dialysis of the nanofibers and NR into water
revealed length disperse nanofibers by TEM (length > 1 um) and short nanofiber fragments
(Figure S2. 20D), with widths found to be similar both before (Wn =12.6 nm, H = 1.03,
o =2 nm) and after loading in H2O (Wn =13.1 nm, ® =1.02, ¢ = 2 nm, Figure S2. 12).
LCSM revealed discernible anisotropic fluorescence of NR along the nanofiber axis
(Figure S2. 20E-F). Analysis of the fluorescence emission spectra of the NR loaded coaxial
nanofibers in water revealed a peak emission at ca. 610 nm (Figure S2. 21), which is
comparable to the emission of NR in polymethyl methacrylate (PMMA) and PBMA thin
films reported elsewhere.””’® Since the NR emission is quenched in water, the observed
emission must result from complexation of NR with the PFTMCjis-b-PBMA4s-b-
PNIPAM7o nanofibers. The inclusion of NR during the self-assembly process does not
appear to interfere with the crystallization of the PFTMC core-forming block or nanofiber
formation. It also appears that the NR remains in solution until it is encapsulated, likely by
the PBMA, during the dialysis into H2O. To confirm that NR was encapsulated in the
PBMA outer core and not in the crystalline PFTMC inner core, we studied the loading of

NR into preformed low dispersity nanofibers produced via living CDSA.

2.3.6 Loading NR into Low Dispersity Coaxial Nanofibers via Dialysis

While the shape of a nanoparticle drives the initial interaction with cells, controlling
the length of the loaded nanofibers is highly desirable as the size can determine its effective
uptake.>112 Although low dispersity nanoparticles ranging from 20 — 200 nm in size are
the most viable for nanomedicine,*?2 we selected ca. 400 nm nanofibers to further evaluate

NR encapsulation due to the resolution limits of LCSM.” Therefore, 412 nm nanofibers
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were prepared prior to the loading (P = 1.04, 0 = 78 nm, via TEM, Figure S2. 22B, H) in
a mixture of MeOH:THF (85:15). Then, NR (12.5 pL, from a 1 mg/mL MeOH stock
solution) was added to obtain a mixture of the nanofibers (1 mL, 0.1 mg/mL) with NR
(0.025 mg/mL, 25 wt%), and the resulting solution was dialyzed against water. TEM
analysis revealed that nanofiber fragmentation had occurred, leading to a substantial
decrease of the length and an increase in the dispersity of the nanofibers (before dialysis:
Lh = 412 nm, & = 1.04, ¢ = 78 nm; after dialysis: Ly = 159 nm, D = 1.41, ¢ = 101 nm,
Figure S2. 22C, H). LCSM analysis revealed NR loaded nanofibers as evidenced by the
anisotropic NR fluorescence observed (Figure S2. 22D), with a peak emission at ca. 610
nm (Figure S2. 23), similar to that observed for the length-disperse NR loaded nanofibers
(Figure S2. 221).

Control experiments where a sample containing NR (0.025 mg/mL) in 15:85
THF:MeOH (v/v, 1.5 mL) was dialyzed into water in the absence of any nanofibers
revealed no fibrillar self-assembled structures by LCSM and TEM (Figure S2. 24A-B).
LCSM analysis of the NR in water confirmed that the emission is quenched in water, and
that the emission observed during the loading of both disperse and low dispersity
nanofibers is due to interaction between NR and either the PBMA outer core or the
PNIPAM corona of the polymer nanofibers. Dialysis into water was not sufficient to
remove unencapsulated NR (Figure S2. 24C-D), and since nanofiber fragmentation negates
the length control obtained from living CDSA (Figure S2. 22H), a revised loading
procedure was developed.

2.3.7Improved Loading Method for Low Dispersity Nanofibers: Preformed-
Nanoparticle Solvent-Switch Loading (PNSL)
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We attempted to minimize fragmentation by slowing the solvent exchange rate to
better facilitate corona swelling during transfer from MeOH:THF to H2O. Although
dialysis is an efficient tool for solvent-switches, control over the rate of solvent diffusion
cannot be obtained. A rapid change in solvent composition, evidenced by the quenching
and precipitation of NR, was observed to occur within the first 10 minutes of the dialysis
of NR from MeOH to H.O (Figure S2. 24C). This is thought to contribute to the
fragmentation of the nanofibers by inducing a sudden swelling of the coronal chains,
imparting a considerable and rapid increase in stress to the crystalline core that ultimately
results in cleavage.

To overcome these limitations, we developed a new approach, the Preformed-
Nanoparticle Solvent-Switch Loading (PNSL) method (Figure 2. 4A). This allows for
precise control over the solvent exchange rate. PNSL represents a two-step process
involving, firstly the preparation, and secondly the loading, of nanoparticles with cargo via
a solvent-switch process. Briefly, the nanofiber solutions (0.1 mg/mL, in THF:MeOH)
were placed in a vial together with the NR (in MeOH) under constant homogenization
using an orbital shaker. Then, H>O was very slowly added via a syringe-pump at 100
pL/min until the water content reached 50%. The organic solvents were left to evaporate
in the dark during homogenization at room temperature for 12 h, and this was followed by
the introduction of a gentle flow of air into the vials (30 min). Finally, the loaded nanofibers
in H20 were filtered through a 0.45 pm syringe filter to remove any non-encapsulated NR,
and the resulting solutions were diluted to their original volume through the gravimetric
addition of water. The degree of fragmentation of the pristine 412 nm (P =1.04, 0 = 78

nm) NR loaded nanofibers was found to be reduced by almost 50% using the PNSL method
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compared to that of the dialysis approach, as evidenced by TEM (after PNSL: L= 339 nm,
D =1.29, 0 =185 nm; after dialysis: Ln=159 nm, ® = 1.41, 0 = 101 nm, Figure S2. 22E,H).
However, as a consequence of the shear forces involved, the filtration process after PNSL
also led to some further fragmentation of the nanofibers with a consequential length
reduction from Ly = 339 nm to L, = 251 nm by TEM (P = 1.50, ¢ = 178 nm, Figure S2.
22F, H). LCSM revealed that the nanofibers were loaded with NR after the filtration
process (Figure S2. 22G). Control experiments revealed efficient NR removal via syringe
filtration (0.45 um, nylon filter), as evidenced by the minimal fluorescence detected from

the NR in MeOH (Figure S2. 24E).
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Figure 2. 4. Loading of model hydrophobic cargo Nile Red (NR) into low dispersity preformed nanofibers
of controlled length (0.1 mg/mL, 1.5 mL, in MeOH:THF 85:15) with NR (10 wt%, in MeOH). 1.5 mL of
H20 added at 100 pL/min. A) Schematic process for loading NR into low dispersity PFTMC 1g-b-PBMA4s-
b-PNIPAM7q nanofibers via the PNSL method. B-C) TEM images of the low dispersity NR loaded nanofibers
in HoO; B) Ly =25 nm, =1.08, ¢ = 7.0 nm; C) L, = 78 nm, © = 1.09, ¢ = 24 nm. (D-E) Contour length
histograms of the low dispersity NR loaded nanofibers in H,O before and after loading.

The decrease in fragmentation of the 412 nm triBCP nanofibers associated with the
use of the PNSL protocol prompted us study the analogous cleavage of
PFTMC1s-b-PBMA4s-b-PNIPAM7o nanofibers with lengths more relevant to drug delivery
(20 — 200 nm).112225 Thus, very short seed nanofibers (Ln =22 nm, P = 1.12, ¢ = 7.7 nm,
Figure S2. 25A) and 84 nm long nanofibers formed from the seeds by living CDSA
(P =1.05 o6 = 20 nm, Figure S2. 25B) were loaded with NR via the PNSL method,
followed by filtration. No significant change was observed in the length of the resulting
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seeds (Ln =25 nm, & = 1.08, ¢ = 7.0 nm) or of the 84 nm loaded nanofibers (L, = 78 nm,
D=1.09, 0 = 24 nm) as evidenced by TEM (Figure 2. 4B-E). Interestingly, in the
analogous experiment with the same 84 nm nanofibers loaded with NR via dialysis, the
dispersity and o increased considerably based on TEM analysis (Ln =86 nm, B = 1.26, ¢ =
44 nm, Figure S2. 26), representing a loss of control and uniformity obtained through the
living CDSA method. As discussed below minimal fragmentation of nanofibers was

detected using the PNSL method for lengths up to 125 nm.

2.3.8 Optimization and Quantification of NR Loading in Coaxial Nanofibers

With the fragmentation issue effectively addressed for nanofiber lengths relevant
to drug delivery using the PNSL method, optimization and quantification of the
encapsulation of NR, the encapsulation efficiency (EE) and loading capacity (LC) was
studied. As an initial step, the loading conditions were optimized by varying the amount of
NR added between 0.1 and 25 wt % of the nanofiber. The nanofiber concentration was kept
constant at 0.1 mg/mL for all experiments. For simplicity, short nanofibers of PFTMCs-
b-PBMAus-b-PNIPAM7o were examined (L, = 25 nm, B = 1.08, ¢ = 7.0 nm, Figure 2. 4B).
Our findings indicate that the maximum loading (and loading capacity, LC %) of NR in
the triBCP nanofiber system is achieved when the NR is loaded at 1 wt% (with respect to
the nanofiber concentration, Figure S2. 27, 28, 29). The triBCP nanofibers (of 25 nm) were
able to encapsulate ca. 600 ng NR per mg of polymer (4.0 mol%, Figure S2. 29A).
Interestingly, the EE % of NR into the triBCP nanofibers increased as the NR wt% loading
decreased, with a maximum EE of 25% at a 0.01 wt% loading (Figure S2. 29B).

To further evaluate and to compare the loading of NR in nanofibers with relevant

lengths for drug delivery PFTMCis-b-PBMA4s-b-PNIPAM7o Ln =125 nm (D =1.08,
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o =35 nm) nanofibers were prepared and examined by TEM (Figure 2. 5A). Then, the
nanofibers were loaded via the PNSL method at the optimal loading concentration of NR
(1 wt%) determined previously (Figure S2. 29A). No significant change in the nanofiber
length was observed after the PNSL process (L, =121 nm, D = 1.09, ¢ = 37 nm, Figure 2.
5B), and after filtration (Ln = 119 nm, P = 1.09, o = 36 nm, Figure 2. 5C). Analysis of the
contour length of the triBCP nanofibers revealed that fragmentation was virtually non-
existent after the PNSL process (Figure 2. 5D), and that fragmentation by filtration is likely
avoided because of the lower aspect ratio of the nanofibers of length L, = 125 nm compared
to those with L, = ca. 400 nm (Figure S2. 22H).

Fluorometry experiments revealed that the triBCP nanofibers (L, = 125 nm) were
able to encapsulate ca. 667 ng of NR per mg of polymer (4.2 mol%), with 6.7% EE (Figure
2. 5E). The LC % of the 25 nm and the 125 nm triBCP nanofibers was similar at both
nanofiber lengths (ca. 0.06%, Figure S2. 29C-D). Furthermore, to assess the emission of
NR in a different system, a sample of PFTMCs-b-PEGs30 nanofibers was prepared via
living CDSA (L, =108 nm, © = 1.08, o = 30 nm, Figure S2. 30A) and analyzed by TEM
through the NR loading process at 1 wt% of NR (Figure S2. 30B-C). Fluorescence
measurements of the nanofibers in H>O revealed that the NR was present in both BCP
systems, but in different polar environments (Figure 2. 5F). The NR emission from triBCP
PFTMC1s-b-PBMAu4s-b-PNIPAM7¢ nanofibers (Amax = 610 nm) was consistent with the
PBMA environment observed for both the disperse and the low length dispersity nanofibers
previously loaded with NR (Figure S2. 221). In contrast, the emission from NR loaded into
PFTMCs-b-PEGs30 nanofibers was red-shifted (Amax = 625 nm) which is indicative of a

more polar local environment, likely arising from the adsorption of NR at the core-corona
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interface of PFTMC1s-b-PEGs30 nanofibers, where unfavorable interactions with the polar
solvent would still be present but minimized (Figure 2. 5F). Detailed studies of the
hydrophobic adsorption of NR into diBCP nanofibers with a crystalline core are in progress

and will be published elsewhere.
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Figure 2. 5. Loading and quantification of NR into preformed (triBCP and diBCP) nanofibers of controlled
length and low length dispersity. TEM images of the loading process of the PFTMCis-b-PBMA4s-b-
PNIPAM7q nanofibers A) before loading (L, =125 nm, P = 1.08, ¢ = 35 nm), B) after loading via PNSL
(Lh =121 nm, P =1.09, ¢ =37 nm), C) after syringe filtration (L, =119 nm, D =1.09, ¢ =36 nm). D)
Contour length histograms of the nanofiber loading process; before loading, after PNSL loading, and after
filtration. E) Encapsulated NR (in ng/mg of polymer), and encapsulation efficiency (EE %) determined by
fluorometry of the triBCP nanofibers in ‘C’ with respect to the initial NR concentration (1 wt%). F) Emission
spectra of the NR loaded in both PFTMCis-b-PBMA44-b-PNIPAM7o, and PFTMCig-b-PEGs3 diBCP
nanofibers in water (nanofiber concentration = 0.1 mg/mL).
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2.39Investigating NR Release from PFTMCis-b-PBMAw-b-PNIPAM70 Coaxial

Nanofibers

Based on the proposed encapsulation mechanism of the triBCP coaxial nanofibers,
we envisage that the encapsulated NR should be released upon increasing the solubility of
the PBMA ‘outer core’ (Figure 2. 6A, S2. 31A). Therefore, to examine whether the cargo
loading is a reversible process, the release of NR was examined by preparing both uniform
412 nm (P =1.04, ¢ = 78, Figure S2. 22F) and disperse nanofibers (> 3 um, Figure S2.
31B) at 0.1 mg/mL, loaded with NR (0.05 mg/mL) via the PNSL process. Both the uniform
and disperse nanofiber samples exhibited anisotropic fluorescence by LCSM after the
PNSL consistent with NR loading (Figure 2. 6B-C, S2.31C). The NR loaded nanofibers
were then dialyzed from H>O back to MeOH. TEM revealed that the nanofibers remained
in the MeOH solution (Figure S2. 31D, 32). However, LCSM analysis of the samples in
MeOH revealed minimal residual NR fluorescence emission from both the anisotropic
nanofibers and from the solution, indicating that NR was successfully removed through
dialysis into MeOH (Figure 2. 6D, S2. 31F-G). This result confirmed that that cargo release
can be driven by a change in the solvent environment, with the soluble NR removed into
the dialysate. The lack of observable NR emission from the sample after dialysis into
MeOH also provided evidence that the NR is encapsulated in the PBMA outer core with
release occurring due to an increase in the solubility of the PBMA block and NR. Release
of NR from within the crystalline PFTMC inner core would not be expected as it remains
insoluble in both MeOH and water.

The thermo-responsive properties of the PNIPAM block could also potentially be
utilized for the release of NR from the coaxial nanofibers. An increase in temperature above

the lower critical solution temperature (LCST) of the PNIPAM would be expected to
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dehydrate the PNIPAM-corona, resulting in the loss of aqueous colloidal stability, and

possibly facilitating NR release.%8

A Preformed nanofibers Loaded nanofibers Unloaded nanofibers
Solvated PBMA Collapsed PBMA Solvated PBMA

PNSL Cargo release

Dialysis *

Or dialysis
into MeOH | % ¥

D

1pum 1um 1um

Figure 2. 6. A) Schematic representation of the NR loading and unloading of preformed PFTMCg-b-
PBMAu44-b-PNIPAM7o nanofibers of controlled length. LCSM images of the 412 nm (D = 1.04, o = 78 nm,
by TEM) NR loaded nanofibers: B) before loading in MeOH, C) after loading in H-O, and D) after dialysis
into MeOH.

2.3.10 Assessment of the Encapsulation Volume Lost Due to the Presence of the

Crystalline PFTMC ‘Inner Core’

Although the crystalline PFTMC inner core of the triBCP nanofibers allows for
length control through the living CDSA approach, its presence also reduces the volume
available for cargo encapsulation. To estimate how significant the impact of this is likely
to be, we calculated the volume of the PFTMC1s-b-PBMA44 core, and compared it to the
volume of the PFTMC g inner core, to arrive at the % of the core occupied by the PFTMC
and therefore unavailable for cargo encapsulation. We utilized a rectangular-cross section
model®® for the calculation of the PFTMCas volume, which had a width of 12.3 nm
(obtained via TEM, Figure S2. 12) and a height of 8.5 nm (obtained via AFM, Figure 2.
3E), which led to the a volume of ca. 105 nm? per unit length for the PFTMCs inner core.
According to energy minimization calculations (Figure S2. 33), the length of the PBMA44
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chain is ca. 10.1 nm. Thus, the geometric dimensions of a rectangular PFTMC crystalline
core-cross-section with an ellipsoidal PBMA amorphous outer core yield a calculated
volume of the PFTMCis-b-PBMAu4 coaxial core of ca. 732 nm? per unit length. This
equates to the PFTMCyg inner core occupying ca. 14% of the total volume of the core. See

section 2.6.7 for details.

2.4 Discussion

To our knowledge, there are no reports to date of a drug delivery platform that is
able to encapsulate cargo into preformed, low dispersity polymeric nanofibers of controlled
length, driven through hydrophobic interactions.36281-8 The manufacture of nanoparticle-
based therapeutics via methods such as nanoprecipitation often involve cargo loading and
self-assembly occurring synchronously,2® utilizing processes such as mechanical stirring,
temperature or solvent changes, and hydration/dehydration, amongst others, to drive
encapsulation.®®-8 An inherent disadvantage of these approaches is that the resulting
nanoparticle properties are intrinsically linked to the cargo loading process as well as the
self-assembly process. In this manner, changes to the type or amount of cargo, the
temperature, and the quantities of carrier or solvents used will affect the size, shape,
dispersity, and surface chemistry of the resulting particles. These processes are unsuitable
for nanoparticles that possess a crystalline core, as the conditions used (frequently addition
to water) are unlikely to allow core-crystallization to occur, resulting in amorphous
nanoparticles with limited control over particle size and shape.®®®* Separating the
nanoparticle self-assembly process from the cargo loading process may add an additional
level of complexity into polymer and nanoparticle engineering, but it enables significantly

more control over both steps than the multivariable process of simultaneously forming and
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loading nanoparticles in a single step. Preforming the nanoparticles has the additional
advantage of facilitating access to nanoparticles that would be unobtainable through
synchronous cargo loading and self-assembly.®* This can be used to generate nanoparticles
of uniform size, shape, and dimensions independent of the cargo to be loaded. For these
reasons, the concept of a two-step loading procedure, and of polymer nanoparticles with a
coaxial amorphous/crystalline core are both beneficial for the future development of
precision polymer nanoparticles for drug delivery applications, and are especially pertinent
to the challenge of creating precision non-spherical polymer delivery systems.

In this work, the good solubility of NR in MeOH simplified the loading process,
MeOH:THF (85:15) was the solvent mixture where morphologically pure PFTMC1g-b-
PBMAu-b-PNIPAM7 nanofibers were obtained, allowing for polymer self-assembly and
cargo solubilization to occur in one solvent system. Nonetheless, solvent transfer to other
organic solvents, prior to the solvent switch to H-O, should be possible to meet different
cargo solubility requirements in order to expand the scope of the cargo species available
for loading. Slow solvent exchange of the nanofiber and NR solution from MeOH:THF
(85:15) to H20 via the PNSL method reduced the solubility of both the cargo and the
PBMA block, allowing for the NR cargo to associate with the hydrophobic PBMA coaxial
‘outer core’, as a result of the decreased solubility of the PBMA block. One advantage of
this process is the use of minimal hydrophobic cargo due to the separation of the cargo
loading step from the self-assembly step. Reducing the quantities of drug needed for a
nanoparticle formulation is of high importance, as drugs are often among the most valuable
and expensive component of the delivery systems.%? Additionally, the PNSL loading

procedure developed here minimizes nanofiber fragmentation, which is essentially
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eliminated for nanofibers of lengths < 125 nm. It also facilitated the complete removal of
non-encapsulated NR through syringe filtration.

PFTMC1s-b-PBMAs-b-PNIPAM7o nanofibers up to 125 nm (Figure 2. 5) were
successfully loaded with hydrophobic cargo (NR) through the PNSL method, and the
length remained unchanged through the process. The NR peak emission (ca. 610 nm,
Figure 2. 5F, S2. 221) from the loaded PFTMC1s-b-PBMAs-b-PNIPAM7o nanofibers was
consistent regardless of whether NR was present during self-assembly, or added post-
assembly, suggesting that NR is associated with the same environment: the PBMA outer
core. An evident mismatch of the encapsulated NR emission spectra would be apparent if
NR was encapsulated in a different environment, such as inside, or adsorbed to the PFTMC
core (see Figure 2. 5F).

The optimal loading of NR into the 25 nm (b = 1.08, ¢ = 7.0 nm) coaxial core
triBCP nanofibers occurred at 1 wt%, with loadings of ca. 600 ng/mg of polymer (Figure
S2. 29A). The 125 nm (D = 1.08, o = 35 nm) PFTMC1s-b-PBMA4s-b-PNIPAM7o coaxial
core nanofibers were loaded with ca. 667 ng of NR/mg of polymer at the same loading
concentration (1 wt%, Figure 2. 5E). The resulting amount of NR loaded is, within error,
similar at both nanofiber lengths. Furthermore, the EE % and LC % (at 1 wt% NR loading)
of both the 25 nm and 125 nm triBCP nanofibers were also comparable, with values of ca.
6% (EE), and 0.06% (LC), regardless of the nanofiber length (Figure 2. 5E, S2. 29B-D).

The volume of the coaxial core was estimated using a combination of experimental
TEM and AFM analysis, alongside energy minimization calculations (Figure 2. 3, S2. 12,
33), thereby providing an estimation of the volume occupied by the crystalline PFTMC

core (105 nm?®) per nm of nanofiber. This represents ca. 14% of the core that is unavailable
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for encapsulation, based on a crystalline core with a rectangular cross-section of
PFTMCis,% surrounded coaxially by an elliptical, amorphous PBMAus outer core. The
small reduction in encapsulation space caused by the presence of the crystalline inner core
appears to be a modest tradeoff for the ability to control the nanoparticle morphology and
dimensions due to the importance of controlling nanoparticle size, shape, and dispersity in
biomedical applications.®?

Release of the encapsulated NR was achieved via an increase on the solubility of
the PBMA block through dialysis from water back into organic media (MeOH). This
suggests that NR is associated with the PBMA outer core, with encapsulation and release
both occurring primarily due to changes in the solubility of PBMA and NR. The change in
solubility of the PBMA was achieved via a second solvent switch to MeOH. Thus, the
association of NR and the PBMA coaxial core only occurs during the transfer from organic
media to water. In this manner, the design of the coaxial-core nanofibers resembles a
traditional solvent-switch loading process, with the exception that self-assembly has been

removed to a preceding step.

2.5 Summary and Conclusions

In summary, we have developed a novel approach for loading hydrophobic cargo
into anisotropic polymer nanoparticles via nanoparticle and polymer engineering of triBCP
nanofibers that contain a coaxial-core design. The nanofibers were composed of a
crystalline inner core and an amorphous outer core, that provided the morphology and size
control of crystalline systems with the cargo loading capabilities of amorphous systems, in
one nanoparticle. Rational design led to the development of PFTMCis-b-PBMA4s-b-

PNIPAMp7q coaxial-core nanofibers. The cargo-loaded nanofibers were prepared in a two-
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stage process, which consisted of self-assembly in organic media, followed by aqueous
dispersion and encapsulation of a model hydrophobic dye, NR, via a process termed PNSL.

Nanofiber loading was studied via dialysis as well as via the PNSL process. In
general, dialysis was found to be inefficient, expensive and time consuming, leading to
nanofiber fragmentation and the ineffective removal of non-loaded hydrophobic
components. We found that nanofiber fragmentation was minimal for short nanofibers
(<125 nm) loaded and transferred to H2O via the PNSL method, and that syringe filtration
was an effective method for removal of non-encapsulated material. Low dispersity
nanofibers were used to optimize the NR loading process. The optimal loading
concentration of NR was obtained at 1 wt% (NR:polymer). The amount of NR
encapsulated in triBCP nanofibers of length 25 nm and 125 nm was ca. 600-667 ng of NR
loaded per mg of nanofiber (4-4.2 mol%).

Nanofiber loading was found to occur at the water-transfer stage on both
micrometer length disperse and low dispersity nanofibers of controlled length.
Confirmation of the coaxial core and the role of the PBMA outer core in facilitating NR
association was demonstrated through a combination of fluorimetry, LCSM, TEM, and
AFM. Our results suggest that the PFTMC crystalline inner core cannot load hydrophobic
cargo, and that NR release is facilitated by an increase in solubility of the PBMA block and
the NR, which can be mediated through a solvent switch.

Two examples of segmented nanofibers were prepared, which provided evidence
of the coaxial core via AFM analysis, and provided evidence for the feasibility of smart
multicomponent nanofibers that may be of utility for enhanced precision nanomedicines.

A combination of computation, and TEM / AFM analysis allowed us to estimate the
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volume of the PFTMC inner core, which was found to be ca. 14%. In principle, the volume
fraction occupied by the PFTMC inner core can be further minimized by either decreasing
the DP, of the PFTMC and/or by increasing the DP, of the PBMA block and further
optimization of this type is currently being explored.

The combination of amorphous and crystalline polymeric materials into coaxial-
core nanofibers, as well as the two stage PNSL loading method are both new concepts for
loading hydrophobic material into polymeric nanoparticles, with significant potential
advantages over previous ‘assembly-stage’ loading processes. Future work will investigate
the release profiles and biological activity in detail, leading to the development of

stimuli-responsive materials for drug delivery and nanomedicine applications.
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2.6 Supporting Information
2.6.1 General Considerations and Instrumentation

Methoxy PEG (19 kDa) was purchased from Polymer Source. All other reagents
and solvents were purchased from Sigma-Aldrich (Canada), Combi-Blocks (USA), VWR
(Canada), or Fisher Scientific (Canada) and used as received unless otherwise noted.
Solvents for self-assembly were of HPLC grade and were filtered through PTFE, nylon or
cellulose membranes with a pore size of 200 nm before use. All reactions were carried out
in an MBraun 200B glove box under a nitrogen atmosphere or using standard Schlenk line
techniques. RAFT polymerizations were performed in custom-made Schlenk-vials to fit
dry heating blocks. 1,8-Diazabicyclo[5.4.0]Jundec-7-ene (DBU) was dried over CaH», and
purified by distillation under reduced pressure. Anhydrous solvents were dried and purified
using an MBraun Grubbs/Dow solvent purification system.*® Spiro[fluorene-9,5’-[1,3]-
dioxan]-2'-one (FTMC) was synthesized according to the procedure reported by Finnegan
et al.>® Synthesis of 2-cyano-5-hydroxypentan-2-yl ethyl carbonotrithioate was prepared
according to the procedure reported by Arno et al.*? The PEG and RAFT-CTAs were dried
via vacuum desiccation over phosphorus pentoxide prior to use.

Ultrasonication

Micelle sonication was carried out using a Fisherbrand 112xx series advanced
ultrasonic cleaner (FB-11203). The instrument was operated in sweep mode for seeds at
80 % power and 37 MHz at 10 °C.

NMR Spectroscopy

'H and COSY NMR spectra were obtained using a Bruker 500 MHz spectrometer

with CD,Clz (*H NMR: & = 5.32 ppm), or DMSO-ds (*H NMR: & = 2.50 ppm) used as the
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solvents. Chemical shifts are quoted in parts per million, with spectra referenced to the
residual solvent peak. Multiplicities are abbreviated as brs (broad singlet), s (singlet), d
(doublet), t (triplet), g (quartet), p (pentet), m (multiplet) and app. (apparent) or
combinations thereof.

Gel permeation chromatography (GPC)

GPC was conducted on a Malvern OMNISEC chromatograph equipped with a
refractive index (RI), UV/Vis photodiode detector array, light scattering detector and
viscometer. Triethylamine/THF (1% v/v ) was used as the eluent, with the flow rate set at
1 mL/min. The columns used were T3000, followed by T5000 (Viscotek) at a constant
temperature of 35 °C. The calibration (universal) of the RI detector was carried out using
polystyrene standards (Viscotek). Samples were prepared at 1 mg/mL in eluent and filtered
through a polytetrafluorethylene membrane filter, pore size = 0.2 pm.

Matrix-assisted laser desorption/ionization-time of flight mass spectrometry
(MALDI-TOF MS)

MALDI-TOF MS measurements performed using a Bruker Ultraflextreme running
in linear mode. The samples were prepared using a trans-2-[3-(4-tert-butylphenyl)-2-
methyl-2-propenylidene]malononitrile matrix (20 mg/mL in THF) and the polymer sample
(2 mg/mL in THF), mixed in a 10:1 (v/v) ratio. Approximately 3 pL of the mixed solution
was deposited onto a stainless-steel sample plate and allowed to dry in air.

Transmission electron microscopy (TEM)

TEM images were obtained on a JEOL 1011 microscope with an 11 Megapixel
CCD camera, operated at 80 kV. Samples were prepared by drop-casting 7.5 pL of the

micelle solution onto a carbon-coated copper grid, followed by drop-casting 10 pL of
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uranyl acetate in EtOH (3 wt %). Sample concentration for TEM analysis was either 0.5 or
0.1 mg/mL based on nanofiber concentration. Copper grids (400 mesh) were purchased
from Ted Pella, and carbon films (ca. 6 nm) were prepared on mica sheets by carbon
sputtering with a Leica ACE 600 carbon coater. The carbon films were deposited onto the
copper grids by floatation on water and the carbon-coated grids allowed to dry in air.

For micelle contour length and width analysis, a minimum of 150 nanofibers in
several images were traced manually using the ImageJ software package developed at the
US National Institute of Health. The number average micelle length (L») or width (W) and
weight average micelle length (Lw) or width (Ww) were calculated using egs. S2. 1-2 from
measurements of the contour lengths (Li) of individual micelles, where Ni is the number of
micelles of length Li, and n is the number of micelles examined in each sample. The

distribution of micelle lengths is characterized by D = Lu/Ln.

n 2
i=1 NilLj

L = Ty NiL
n - FE——
2ieq NiLi

= L =
YN w

(Eg. S2. 1-2)

Atomic Force Microscopy

AFM analysis was obtained using a 5500 Atomic Force Microscope (Agilent
Technologies). The images were recorded in AC mode with a scanning speed of 1.0 um/s
in an area of 4.0 pm?at 1024 x 1024 resolution. The tips employed (Tap150Al-G, Budget
Sensors) consisted of a conical silicon tip with aluminum reflective coating and a resonance
frequency and force constant of 150 kHz and 5N/m, respectively. The samples for AFM
were prepared on a silicon wafer by casting the nanofiber solution (in ~ 100% MeOH, 20
ML, 0.05 mg/mL) onto the clean silicon wafer. The silicon wafer was gently dried from the

sides with a filter paper and dried via vacuum desiccation.
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Laser confocal scanning microscopy (LCSM)

LCSM images were obtained using a ZEISS LSM 880 Axio Observer or Leica TCS
SP 8 3X. Images were recorded usinga HC PL APO CS2 100x/1.40 or HC PL APO 63x/1.4
oil immersion objectives. Samples were excited using a either 543 or 561 laser lines, with
the fluorescence emission monitored between ca. 560 - 640 nm in channel mode or from
550 - 700 nm with 10 nm intervals in “lambda mode.” The resulting images were obtained
as digital false-color images and then color-coded as red. Analysis of the fluorescence
emission spectra experiments were performed using the software Zen 3.1, blue edition,
from Zeiss, or using the software ImageJ, from the National Institute of Health (USA). The
subsequent data treatment was performed in GraphPad Prism 7 (GraphPad Software LLC)
with Gaussian fit and smoothing curve functions, with backgrounds subtracted where
applicable. The micrographs of the 412 nm nanofibers loaded with NR where deconvoluted
using the Iterative Deconvolve 3D function in ImageJ.®* The nanofiber samples (10 pL,
0.01 mg/mL) were prepared by placing diluted micelle solutions (in water, MeOH, or
water:glycerol 50:50) on a glass slide. A coverslip was then placed on top of the solution
and sealed in place with clear nail polish.

Spectroscopic Experiments

UV-Vis spectra were recorded by using a Varian Cary 100 Bio spectrophotometer
at 25°C, unless otherwise indicated. Fluorescence measurements were obtained by using a
PTI QM40 fluorometer at 25°C. The slits were set to 2 nm bandpass. All measurements
were corrected for the fluctuations of the lamp intensity and transmission of the optics. The
samples were excited at 540 nm for the emission scans, and the emission was recorded

from 550 - 750 nm. For determining excitation wavelength to use, excitation scans were
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recorded with the emission detected at 665 nm, with excitation wavelengths scanned from
400 - 650 nm. The emission of NR from the loaded nanofibers was studied in H20 and in
MeOH. Analysis of the NR content in the nanofibers (from loading and release studies)
was determined by measuring the fluorescence of NR in MeOH or H,O after either dialysis
or the PNSL process, and analyzed with the calibration curves (Figure S2. 28) prepared
prior to the measurements, where applicable. The loaded nanofibers or non-encapsulated
NR, in water, were freeze dried and resuspended in MeOH (1.5 mL) for spectroscopic
analysis.

Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) experiments were carried out using a Zetasizer Pro.
Samples of different polymer concentrations were prepared in filtered solvents by passing
through a 0.45 pym membrane filter into an optical quartz glass cuvette (PCS8501 type,
10.0 mm light path). The correlation function was acquired in real time and analyzed with
a function capable of modelling multiple exponentials (Cumulant analysis). This process
enabled the diffusion coefficients for the component particles to be extracted, and these
were subsequently expressed as the intensity weighted mean hydrodynamic size (Rn;)
using the Stokes-Einstein relationship for coated spheres in H.O, THF, and DMSO with

core properties of polystyrene latex (Rl = 1.590, Absorption = 0.010).
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2.6.2 Synthetic Procedures

2.6.2.1 Synthesis of PFTMC1s-CTA

Scheme S2. 1. Synthesis of PFTMC1s-CTA by ring-opening polymerization of FTMC
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To a solution of 2-cyano-5-hydroxypentan-2-yl ethyl carbonotrithioate*? in
anhydrous CH2Cl> (500 pL, 100 mg/mL, 0.2 mmol, 1.0 eq), DBU (24 pL, 24.4 mg, 0.16
mmol, 0.8 eq) was added in an oven-dried round bottom flask equipped with a magnetic
stirring bar. To the stirring solution, FTMC (1.01 g, 4.0 mmol, 20 eq) in anhydrous CH.Cl,
(6 mL) was added, and the reaction mixture was stirred at room temperature for 1 h, before
the reaction mixture was quenched by the addition of benzoic acid (100 mg). The crude
product was purified by precipitation into ice-cold diethyl ether three times, followed by
precipitation into ice-cold MeOH three times, and drying in vacuo to yield PFTMC1s-CTA
as a yellow solid (1.0 g, 95%).

MALDI-TOF MS [M]* found: 4729.3, DPy: 18.

GPC: M, = 4,800, bm =1.17.

0 0
CN §
Hy DJ"L—'——O 0 C c

dh | odn |y s
vevives Ik

IH NMR (500 MHz, CDCly) & 7.78 — 7.69 (36H, m, Hi), 7.61 — 7.47 (36H, m, Hi),
7.44 —7.34 (36H, m, Hi), 7.32 — 7.19 (36H, m, Hi), 4.50 — 4.27 (70H, m, Hh), 4.07 (2H, t,

J =5.2 Hz, Hg), 3.70 (2H, d, J = 6.4 Hz, Hf), 3.31 (2H, dd, J = 7.4 Hz, He), 2.22 — 2.13
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(1H, m, Hd), 2.06 — 1.98 (1H, m, Hd), 1.87 (2H, h, Hc), 1.80 (3H, s, Hb), 1.31 (3H, t, J =
7.4 Hz, Ha). The H ratio of g/f indicates the CTA capping effiency. *H integration is based

on “© (HOCH>).

2.6.2.2 Synthesis of PFTMC1s-b-PBMA44

Scheme S2. 2. Synthesis of PFTMCis-b-PBMA4 by reversible addition-fragmentation chain-transfer
(RAFT) polymerization.

PFTMC1s-CTA (150 mg, 0.03 mmol, 1 eq), n-butyl methacrylate (338 mg, 2.4
mmol, 75 eq), and AIBN (1.6 mg, 0.009 mmol, 0.3 eq) were dissolved in dioxane (9 mL)
in a custom-made shlenk-vial. The reaction mixture was homogenized by stirring for 0.5 h
at 37 °C followed by four freeze-pump-thaw cycles. The vial with the reaction mixture was
placed in a preheated dry heating block and heated to 70 °C for 18 h. The reaction was
quenched by submersion in liquid nitrogen. The product was precipitated three times in
ice-cold MeOH and dried in vacuo to yield PFTMCs-b-PBMA44 as yellow solid (325 mg,
67%). GPC analysis indicated the presence of PFTMC homopolymer as evidenced by the
UV/Vis trace. The product was used without further purification in the next reaction.

GPC: Mn = 13,200, bm = 1.12.

Ho 00 0 00 N Y
dh | e O%\‘A‘A
17 aNy
IH NMR (500 MHz, CD2Clz) 5 5 7.81 — 7.67 (36H, m, Hi), 7.58 — 7.45 (36H, m,

Hi), 7.45 — 7.33 (36H, m, Hi), 7.31 — 7.15 (36H, m, Hi), 4.48 — 4.26 (70H, m, Hh), 3.98 -
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3.89 (89H, b, Hg), 3.69 (2H, t, J = 5.8 Hz, Hf), 2.04 — 1.67 (78H, m, He), 1.67 — 1.55 (89H,
m, Hd), 1.40 — 1.32 (97H, m, Ha), 1.07 — 0.73 (256H, m, Hc + Hb). *H integration is based

on “© (HOCH>).

2.6.2.3 Synthesis of PFTMCis-b-PBMA44-b-PNIPAM70

Scheme S2. 3. Synthesis of PFTMC1g-b-PBMAu4s-b-PNIPAM7o by RAFT polymerization.

PFTMC1s-b-PBMAu44 (75 mg, 0.006 mmol, 1 eq), N-isopropylacrylamide (287 mg,
2.5 mmol, 400 eq), and AIBN (0.3 mg, 0.001 mmol, 0.3 eq) were dissolved in dioxane (9
mL) in a custom-made shlek-vial. The reaction mixture was stirred for 0.5 h at 37 °C
followed by four freeze-pump-thaw cycles. The vial with the reaction mixture was placed
in a preheated dry heating block and heated to 70 °C for 18 h. The reaction was quenched
by submersion in liquid nitrogen. The product was precipitated three times in ice-cold
diethyl ether and three times in ice-cold MeOH. The product was dried in vacuo to yield
PFTMCis-b-PBMAus-b-PNIPAM7g as a white-yellow solid (257 mg, 71%, before flash
chromatography). The color of this material arises from the sulfur-containing CTA. GPC
analysis indicated the presence of water initiated PFTMC homopolymer (as evidenced by
a lower My shoulder with increased absorbance at 268 nm via UV/Vis).

The PFTMC homopolymer was removed from the triBCP (141 mg of triBCP) via
flash chromatography (hexane/ethyl acetate, 40:60 to ethyl acetate / TEA 99:1 to remove
homopolymer, then CH2Cl2:MeOH:H-0, 65:35:2 to elute the triblock copolymer). The
residual silica-gel was removed via dissolution in THF (50 mL), followed by centrifugation

(4500 rpm, 10 mins) and decantation five times. The resulting polymer was dried and
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precipitated in ice-cold diethyl ether to yield PFTMC1s-b-PBMA4s-b-PNIPAM7 as a

white-yellow solid (116 mg, 82%). GPC and TLC analysis confirmed the removal of the

homopolymer.

TLC: (hexane/ethyl acetate 1:1): PFTMC Homopolymer R¢ ~ 0.9, PFTMC1s-b-PBMA4s-

b-PNIPAM7o Rt ~ 0.0.

TLC: (CH2Cl2:MeOH:H20, 64:34:2): PFTMC1s-b-PBMAu4s-b-PNIPAM7¢ Rs ~ >0.9.
GPC: M, = 21,200, bm = 1.32.
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IH NMR (500 MHz, DMSO-ds) & 8.00 — 6.65 (308H, m, Hd + Hc), 4.50 — 4.19
(70H, m, Hb), 4.95 — 3.76 (165H, m, Ha), 2.20 — 0.90 (1669H, m, Hf + He + Hj + Hg + Hh
+ Hi). 'H integration is based on ‘b’ (OCH2C) from the PFTMC, matching the value from

the homopolymer.

2.6.2.4 Synthesis of PBMA130 homopolymer

Scheme S2. 4. Synthesis of PBMA13, by RAFT polymerization.

CN S Y AIBN CN )SL
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To a solution of 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid
(20 mg, 0.05 mmol, 1 eq), n-butyl methacrylate (529 mg, 3.76 mmol, 75 eq), and AIBN
(2.4 mg, 0.015 mmol, 0.3 eq) were dissolved in dioxane (4 mL) in a custom-made shlenk-
vial, equipped with a stir bar, followed by four freeze-pump-thaw cycles. The vial with the

reaction mixture was placed in a preheated dry heating block and heated to 70 °C for 18 h.
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The reaction was quenched by submersion in liquid nitrogen. The product was precipitated
three times in ice-cold MeOH and dried in vacuo to yield PBMA130 as yellow gummy solid
(332 mg, 63%).
GPC: M, = 10,300 bm = 1.03.
CN f s b

HOYVW\SJLS"F*

] ] (o] 130 10
a Kﬁ

e

g

'H NMR (500 MHz, CD.Cl) § 4.27 — 3.55 (257H, m, Ha), 3.24 (2H, dd, J = 7.6
Hz, Hb), 2.13 — 1.69 (239H, m, Hc), 1.68 — 1.52 (286H, m, Hd), 1.51 — 1.32 (286H, m,
He), 1.14 — 0.64 (752H, m, Hf + Hg). ). 'H integration is based on ‘b’ (SCH2CH) from the

CTA.

2.6.2.5 Synthesis of PNIPAM17s homopolymer
Scheme S2. 5. Synthesis of PNIPAM17sby RAFT polymerization.

CN
CN AIBN

Ho\n/\/l\sj\s/\l\* ¥ H:\*Lo — " SJSLS/\M/
10 AN

To a solution of 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid

(20 mg, 0.05 mmol, 1 eq), n-isopropylacrylamide (561 mg, 4.95 mmol, 100 eq), and AIBN

(2.4 mg, 0.015 mmol, 0.3 eq) were dissolved in dioxane (5 mL) in a custom-made shlenk-

vial, equipped with a stir bar, followed by four freeze-pump-thaw cycles. The vial with the

reaction mixture was placed in a preheated dry heating block and heated to 70 °C for 18 h.

The reaction was quenched by submersion in liquid nitrogen. The product was precipitated
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three times in ice-cold diethyl ether and dried in vacuo to yield PNIPAM;7g as white-yellow
solid (497 mg, 94%).

GPC: My = 13,300 by = 1.13 (for main peak, see Table S2. 1).

CN

S
f c
HO = S)Ls"H’
178 10
07 NH,
ANy

IH NMR (500 MHz, CD2Cl2) & 6.62 (166H, brs, Ha), 4.01 (178H, brs, Hb), 3.39

d

(2H, brs, Hc), 3.02 — 0.81 (913H, m, Hf + He + Hd + H20). 'H integration is based on ‘¢’

(SCH2CH?>) from the CTA.

2.6.2.6 Synthesis of PFTMCis-b-PNIPAM425
Scheme S2. 6. Synthesis of PFTMC1s-b-PNIPAM42s by RAFT polymerization.

wwts«ﬂ, e

PFTMC1s-CTA (50 mg, 0.004 mmol, 1 eq), N-isopropylacrylamide (192 mg, 1.7
mmol, 400 eq), and AIBN (0.2 mg, 0.001 mmol, 0.3 eq) were dissolved in dioxane (4 mL)
in a custom-made shlek-vial followed by four freeze-pump-thaw cycles. The vial with the
reaction mixture was placed in a preheated dry heating block and heated to 70 °C for 18 h.
The reaction was quenched by submersion in liquid nitrogen. The product was precipitated
three times in ice-cold diethyl ether. The product was dried in vacuo to yield PFTMC-b-
PNIPAM as a white-yellow solid. GPC analysis indicated the presence of PFTMC
homopolymer (as evidenced by a lower My, shoulder with increased absorbance at 268 nm
via UV/Vis). The PFTMC homopolymer was removed via flash chromatography

(hexane/ethyl acetate, 40:60 to ethyl acetate, then CH2>Cl>:MeOH:H>0, 65:35:2 to elute the
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diblock copolymer). The residual silica-gel was removed via dissolution in THF (50 mL),
followed by centrifugation (4500 rpm, 10 mins) and decantation five times. The resulting
polymer was dried and precipitated in ice-cold diethyl ether to yield PFTMCjs-b-
PNIPAMa2s as a white-yellow solid (175 mg, 91%).

GPC: M, = 31,800, Bm = 1.76. This value is likely overestimated due to GPC

column absorption effects (see main text).

O

(0]
H N f 5
° DC CD OC J%sksm
0 MNH 425
@'@ @'@ A
17
H NMR (500 MHz, DMSO-ds) § 7.99 — 6.72 (556H, m, Ha + Hd), 4.44 — 4.17

(70H, m, Hc), 4.06 — 3.58 (425H, m, Hb), 2.43 — 0.67 (m, 3735H). *H integration is based

on ‘¢’ (OCH2C) from the PFTMC, matching the value on the homopolymer.

2.6.2.7 Synthesis of PFTMCis-b-PEGs3o

Scheme S2. 7. Synthesis of PFTMCs-b-PEGs30 by organocatalytic ring-opening polymerization.

Of~ofH OJLO DBU 0.8 eqs 8 7 0/\‘];3\

PEGs30 (500 mg, 0.02 mmol, 1 eq) and DBU (2.9 pL, 2.9 mg, 0.02 mmol, 0.8 eq)
were dissolved in the minimum volume of anhydrous CH.CI in a round bottom flask
equipped with a magnetic stirring bar. To the stirring solution, FTMC (122 mg, 0.49 mmol,
20 eq) in anhydrous CH2Cl> (1 mL) was added, and the reaction mixture was stirred at
room temperature for 3 h, before the reaction mixture was quenched by the addition of

benzoic acid (10 mg). The crude product was purified by precipitation into ice-cold diethyl
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ether three times and dried in vacuo (515 mg, 83%). 300 mg of the collected white solid
was then dissolved in 20 mL of THF in a 50 mL centrifuge with a stir bar. 10 mL of hexane
was added to the stirring solution and centrifuged. To the supernatant an extra 6 mL of
hexanes was added, stirred and centrifuged. The resulting solid was dried in vacuo to yield
PFTMC1s-PEGs30 as a white solid (210 mg, 70%).

GPC: Mn = 26,600, bm = 1.14.

’ 0 0] b
0 0 0 o 0
'iic cii'c /‘5‘];3; d
17
'H NMR (500 MHz, CD,Cl2) & 7.84 — 7.68 (37H, m, Hd), 7.63 — 7.47 (37H, m,
Hd), 7.46 — 7.32 (38H, m, Hd), 7.32 — 7.20 (37H, m, Hd), 4.47 — 4.17 (73H, m, Hc), 3.77

—3.42 (2120H, m, Hb), 3.34 (3H, s, Ha). *H integration is based on ‘a’ (CH2OCHs) from

the terminal methyl group of the PEG.
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2.6.3 Self-Assembly Procedures

Composition of all solvents given in viv

Self-nucleation of PFTMCas-b-PBMAus-b-PNIPAM70. PFTMCig-b-PBMA44-b-
PNIPAM7o (675 pL, 10 mg/mL solution in THF) was added to MeOH (3.825 mL) in a vial.
The resulting solution (1.5 mg/mL in 15:85 THF:MeOH) was manually shaken for ~15 s
and annealed for 3 h at 70 °C. The solution was cooled to 20 °C over 3 h, and aged for 48
h. The resulting solution contained morphologically pure nanofibers with disperse lengths
and uniform widths, as analysed via TEM.

Preparation of PFTMCis-b-PBMAu44-b-PNIPAM7o seed nanofibers. PFTMCag-
b-PBMAu-b-PNIPAM7o disperse nanofibers (4 mL, 1.5 mg/mL) were fragmented by
ultrasonication for 3 h at 10 °C. The resulting nanofibers were analysed by TEM (L, = 22
nm, B =111, 6 =7.8 nm).

Preparation PFTMCis-b-PBMAu4s-b-PNIPAM7o nanofibers of controlled
length and low dispersity by seeded growth (living CDSA). For seeded growth
assemblies with Mynimer/Mseed < 10: aliquots of PFTMC1s-b-PBMA4s-b-PNIPAM7o unimer
(10 mg/mL in THF), equivalent to corresponding Munimer/Mseed, Were added to diluted seed
nanofiber solutions in MeOH (200 puL). The self-assembly solutions (0.1 mg/mL,
THF/MeOH 15:85) were manually shaken for ~15 s and aged for 48 h at 20 °C.

For seeded growth assemblies with Munimer/Mseed 20, 30, and 50: aliquots of
PFTMC1s-b-PBMA4s-b-PNIPAM7o  unimer (10 mg/mL in THF), equivalent to
corresponding Munimer/Mseed, Were added to diluted seed nanofiber solution in MeOH (100
ML). The unimer was added in intervals of 10 Munimer/Mseed €Very 24 h. The self-assembly
solutions (0.1 mg/mL, THF/MeOH 10:90) were manually shaken for ~15 s and aged 48 h

at 20 °C. TEM analysis was conducted after 48 h and also after 4 months. The length of the
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nanofibers remained constant, indicating that there was no unimer present in solution that
could undergo epitaxial growth after 48 h.

Preparation of 412 nm long PFTMCis-b-PBMAu44-b-PNIPAM70 nanofibers of
controlled length and low dispersity by seeded growth (living CDSA). To a diluted seed
solution (2 mL, 0.072 mg/mL, in MeOH), PFTMC1g-b-PBMA4-b-PNIPAM70 unimer (10
mg/mL in THF, final mynimer/Mseed €quivalent to 23.5) was added in two portions (2 x 169
ML), 24 h apart. The self-assembly solution (2.3 mL, 1.5 mg/mL, THF/MeOH 15:85) was
manually shaken for ~15 s after each addition, and then aged for 48 h at 20 °C.

Preparation of PFTMCis-b-PBMAus-b-PNIPAM7o or PFTMCis-b-PEGs30
nanofibers of controlled length and low dispersity by seeded growth (living CDSA).
To diluted seed solutions of either PFTMCis-b-PBMA4-b-PNIPAM7o or PFTMCis-b-
PEGs30, respective unimeric solution in THF (10 mg/mL), was added in one portion to
yield nanofibers of different, but controlled lengths (by tuning the final Mynimer/Mseed added).
The resulting self-assembly solutions were manually shaken for ~15 s and aged for 48 h at
20 °C.

Preparation of segmented A-B-A nanofibers of controlled length by seeded
growth (living CDSA).

A solution of 412 nm nanofibers prepared via seeded growth (Table S2. 3) was
diluted in MeOH (0.5 ml, 0.1 mg/mL). Either unimeric PFTMC1s-b-PNIPAM.25 or
PFTMCys-b-PEGs30 (5 or 2.5 pL, 10 mg/mL in THF) was added in one portion to the vial
containing the 412 nm nanofibers and solution was manually shaken for ~15 s and aged

for 48 h at 20 °C.
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2.6.4 Nile Red (NR) Loading Procedures.

Method 1: Self-Assembly in the presence of NR

Preparation of disperse nanofibers via CDSA loaded with NR. In a vial, MeOH
(435 L), THF (60 pL), PFTMCa1s-b-PBMA4s-b-PNIPAM<o unimer (30 uL, 10 mg/mL in
THF), and NR solution (75 pL, 1 mg/mL in MeOH) were added. The self-assembly
solution (0.5 mg/mL nanofiber, 0.125 mg/mL NR) was manually shaken for ~15 s and
annealed for 3 h at 70 °C. The solution was cooled to 20 °C over 3 h and aged for 48 h.
The resulting solution was analysed by TEM, and then dialysed into water. Dialysis was
performed by placing aliquots (150 pL minimum) inside a dialysis bag (Sigma Aldrich,
MWCO = 12,000 — 14,000 Da) that was clip-sealed. The dialysis bag containing the
solution was placed inside a beaker filled with deionized water (500 mL) and the media
was changed four times over 18 - 24 h. The sample was retrieved and stored in the dark.

Method 2: Post-assembly loading of preformed, low dispersity nanofibers via

dialysis

Preparation of 412 nm preformed nanofibers loaded with NR. A solution of
412 nm nanofibers (P = 1.04, ¢ = 78, 33.3 uL, 1.5 mg/mL) in THF:MeOH (15:85) was
diluted in THF:MeOH (15:85, 454.2 uL) and a solution of NR in MeOH (12.5 L, 1
mg/mL) was added. The resulting solution was homogenized by shaking for 10 s, and then
dialysed into water. Dialysis was performed by placing aliquots (150 pL, minimum) inside
a dialysis bag (Sigma Aldrich, MWCO = 12,000 — 14,000 Da) that was clip-sealed. The
dialysis bag containing the solution was placed inside a beaker filled with deionized water
(500 mL) and the media was changed four times over 18 - 24 h. The sample was retrieved

and stored in the dark.
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Method 3: Post-assembly loading of low dispersity nanofibers via PNSL

Preparation of low dispersity nanofibers loaded with NR. Vials containing
either triBCP or diBCP nanofiber solutions of a given length (i.e. 412, 125, 108, 84, 25 nm
nanofibers) were prepared by adding THF, MeOH and NR to obtain final solutions
containing nanofibers (0.1 mg/mL) and NR (25, 10, 1, 0.1, or 0.01 w/w) in MeOH:THF
(15:85, 1-2 mL). The resulting solutions were placed in an orbital shaker (300 rpm), and
H>O (same volume as prepared nanofiber solution e.g. 1.5 mL) was infused into the vials
via syringe pump at a rate of 100 pL/min. The vials were left uncapped but protected from
light in the orbital shaker for 12 h, before residual organic solvent was evaporated by
introduction of a gentle flow of air into the vials (30 min). Finally, the solutions were passed
through a Nylon syringe-filter (0.45 um pore size) and made up to a final volume in H.O
equal to the originally prepared nanofiber solution (e.g. 1.5 mL, as measured by weight,
using the densitiy of water).

Control experiments with NR. Control experiments to investigate NR removal
via dialysis or via filtration were carried out with the same procedures and concentrations

as for the loading of nanofibers, but without the nanofibers, unless otherwise noted.

2.6.5 NR release from Coaxial-Core Nanofibers

Solvent-switch release of NR from disperse nanofibers. An aliquot of disperse
nanofibers (200 pL) loaded with NR in water (0.5 mg/mL nanofiber, 0.125 mg/mL NR)
using ‘Method 3’ was placed inside a dialysis bag (Sigma Aldrich, MWCO = 12,000 —
14,000 Da). The dialysis bag containing the solution was placed inside a beaker filled with
MeOH (500 mL) and the media was changed four times over 18 - 24 h. The sample was

retrieved and stored in the dark.
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Solvent-switch release of NR from low dispersity nanofibers. An aliquot of 412
nm nanofibers (200 pL) loaded with NR in water (0.1 mg/mL nanofiber, 1 wt % NR) using
‘Method 3’ was placed inside a dialysis bag (Sigma Aldrich, MWCO = 12,000 — 14,000
Da). The dialysis bag containing the solution was placed inside a beaker filled with MeOH
(500 mL) and the media was changed four times over 18 - 24 h. The sample was retrieved

and stored in the dark.

2.6.6 Volume calculations of the PFTMC ‘inner core’ and PBMA ‘outer core.’

To estimate the approximate percentage of the cross-sectional volume occupied by
the crystalline PFTMCgyg inner-core and therefore unavailiable for encapsulation, we
computationally estimated the length of the PBMA44 block, and then compared the volume
occupied by PFTMC1s-b-PBMAu4 to the volume occupied by PFTMCgs using the volume
of the crystalline PFTMC ‘inner core’.The volume of the PBMA44 ‘outer core’ was
estimated using an energy minimization of PFTMCg-b-PBMA22-b-PNIPAM3s (DP of each
block divided by two for computational efficiency), using the energy minimization
function in Chem3D (PerkinElmer Informatics) with the MM2 force field, set to a
minimum RMS gradient of 0.01. The length of PBMA4s (10.1 nm) was obtained by
measuring the end-to-end distance of the PBMA2. block (5.04 nm) in USCF Chimera
(University of California, San Francisco),® and multiplying it by two.

The volume of the PFTMC1s (105 nm?®) was calculated with the following formula:

Vorrme = width X height X depth  (EQ. S2. 3)

V is the volume, the width is 12.3 nm (obtained via TEM, Figure S2. 12) and the

height is 8.5 nm (obtained via AFM, Figure 2. 3). The depth for both PFTMC and PBMA

was considered to be 1 nm.
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The volume of the PFTMC1s-b-PBMA4s (733 nm®) segment was calculated with
the following formula:

Vorrme—p—pema = T X a X b X depth (EQ. S2. 4)

Where V is the volume of a cylindrical ellipse, a is the distance from the center to
the ‘a’ vertex, and b is the distance from the center to the ‘b’ co-vertex, and depth was
considered to be 1 nm. According to the energy minimization simulation (Figure S2. 33),
the PBMA chain has a length of ca. 10.1 nm. Thus a nanofiber with an ellipsoidal
amorphous outer core and a rectangular core-cross-section will have geometric values of a
=14.35 nm (0.5 x height of PFTMCyg + length of PBMA44), and b = 16.25 nm (0.5 x width
of PFTMCas + length of PBMA4a4).

The % volume occupied by the crystalline PFTMCig inner-core and therefore

unavailiable for encapsulation is given by:

_VertMe . 100%  (Eg. S2.5)

VpFTMC-b-PBMA

105 nm3
i.e.——
733 nm?3

X 100% = 14%

In principle, the AFM data obtained on the nanofibers used in this study should
allow a calculation of the % PFTMC core volume in the coaxial core. However, AFM
analysis likely underestimates the PBMA dimensions as the PBMA outer core that lies
above and below the PFTMC inner core may collapse upon drying. Another consideration
is the T4 of PBMA near room-temperature (20 — 25 °C)® might affect the width and height
data obtained by the tip-based AFM method when compared to a crystalline material such
as PFTMC.% As discussed above, our approach therefore uses TEM and AFM data to

estimate the width and height dimensions of the crystalline PFTMC core and the volume

of the PBMA outer core was estimated using a computational approach.
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2.6.7 Supplementary Discussion

Self-Assembly

The linear regression of the Munimer/Mseed ratio plot (Figure 2. 2J) allows for alternate
measurements of seed length, namely the gradient of the line (Ln =16 nm) and the Y-
intercept (Ln» = 28 nm). For an idealized system, the Y intercept, gradient of the line, and
the length of the seeds measured via TEM should all be equal. For this system, the Y-
intercept (28 nm + 5 nm) and gradient (16 nm + 0.2 nm) are within error of the measured
length via TEM (22nm + 8 nm), hence any discrepancy is not statistically significant.

AFM Considerations

In principle, the AFM data obtained on the nanofibers used in this study should
allow a calculation of the % core volume. However, AFM analysis likely underestimates
the PBMA dimensions as the PBMA outer core that lies above and below the PFTMC inner
core likely collapses upon drying. Another consideration is the T4 of PBMA near room-
temperature (20 — 25 °C)* might affect the width and height data when compared to a
crystalline material such as PFTMC.%¢ Our approach used TEM and AFM data to estimate
the dimensions of the crystalline PFTMC core and the volume of the PBMA outer core was
estimated via energy minimization simulation (see section 2.6.6 , and Figure S2. 33).

Segmented and Multifunctional A-B-A Nanofibers

To investigate the potential utility of triBCP coaxial nanofibers in drug delivery,
and to highlight the easy modularity of segmented nanofibers made by Living CDSA, we
prepared multifunctional A-B-A nanofibers with terminal PFTMCys-b-PEGs30 (A)
segments. PFTMC1s-b-PEGs3zo (DP calculated by *H NMR; M, = 26,600, Pv =1.14 by
GPC, Figure S2. 15, 16) was synthesized following a previously reported procedure.* The

A segments should improve the solubility and stealth properties of the resulting segmented
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nanofibers, as PEG is known for minimizing protein binding and increasing the circulation
times.%” Thus, segmented PFTMCas-b-PEGs30-m-PFTMC1s-b-PBMA44-b-PNIPAM7o-m-
PFTMC1s-b-PEGs30 nanofibers were prepared from a solution of 412 nm (b = 1.04, 6 =78
nm) PFTMCaug-b-PBMAus-b-PNIPAM7o seed nanofibers (in MeOH:THF 85:15), by
addition of PFTMCys-b-PEGs30 (0.5 equivalents, in THF) followed by aging the solution
for 48 h before characterization. TEM analysis revealed the formation of 584 nm
nanofibers (P = 1.14, 0 = 216 nm, n = 101), with clearly distinguishable segments (Figure
S2. 18). Differences in penetration of the uranyl acetate staining solution within the
coronal-block of each segment allowed us to identify the flanking ‘B’ PFTMC1s-b-PEGs30
segment, as well as the central cargo-carrying PFTMCis-b-PBMA44-b-PNIPAM7 ‘A’
segment. The simple and versatile construction of the segmented nanofibers described here
pave the way towards the development of modular, customizable, and multi-stage
nanofiber drug delivery systems that contain individual segments tailored towards specific

functions.
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2.6.8 Supplementary Tables

Table S2. 1. Summary of molecular weight data for PFTMC1s-CTA, PBMA130, PNIPAM17g, PFTMCs-b-
PBMA44 and PFTMC1s-b-PBMAu4-b-PNIPAM7 polymers.

Mw
M (g/mol) Dwm DP, DP,
Polymer (g/mol)
GPC GPC NMR MALDI-TOF
GPC
PFTMC 4,800 5,600 1.17 m =18 18
PBMA 16,000 18,200 114  n=130 -
PNIPAM 13,300 15,00 1.132 1=178 -
PFTMCis-b-PBMA 13,200 14,700 1.12 0=44 -
PFTMCis-b-PBMA-b-PNIPAM 21,200 28,000 1.32° p=70 -
PFTMCag-b-PNIPAM 31,800 55,900 1.76° q=425 -
r=18
PFTMC:-b-PEG 26,600 30,300 1.14
s =530 -

2 Column adsorption and possibly aggregation effects were detected during GPC analysis leading to small
additional peaks (Figure S2. 7B). The data given is for the main peak.

® Column adsorption effects were detected during GPC analysis leading to a broadening of the peak. The
dispersity is likely overestimated in these cases.
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Table S2. 2. Solubility chart of PBMA, PNIPAM, and PFTMC-containing polymers, and FTMC, BMA, and
NIPAM monomers with different solvents at 20 °C (~ 10 mg sample, in 500 pL of solvent).

Polymer or monomer
PFTMCs-b-
Solvent PFTMCs-b-
PFTMC;5|PBMA130|PNIPAM;75 PBMAy-b- | FTMC |BMA| NIPAM
PBMA,
PNIPAM7o
Diethyl
X S X X X X S S
ether
MeOH X SCA* S X SCA X S S
EtOH X S S X SCA X S S
iPrOH X S S X SCA X S S
H.0 X X S X SCA X E S
Acetonitrile X S S X SCA X X S
Hexanes X S X X X X S X

X = not soluble, SCA = soluble with colloidal aggregates (*< 10-20% THF), S = soluble, and E = emulsion.
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Table S2. 3. Statistical analysis of contour length measurements for PFTMC1s-b-PBMA44-b-PNIPAM7q
nanofibers prepared via seeded growth at 20 °C, in MeOH:THF solvent mixtures (THF = 10 — 20%),
measured via. The number of nanofibers measured is represented by n, o represents the standard deviation of
the measured length, and Ln/eq corresponds to the L, of the nanofibers per mass equivalent of triBCP in the
sample.

Munimer/Mseed
Seeds 2.5 3.5 5 10 20 23.5 30 40 50
n 487 204 276 215 217 221 203 275 210 181

Ln (nm) 22 74 84 125 185 362 412 507 721 818

Lw
25 79 89 132 194 377 427 527 734 863
(nm)

D 1.12 1.06 1.05 1.05 1.05 1.04 1.04 1.04 1.02 1.06

Ln/eq
22 21 19 21 18 18 18 17 18 16

(nm)
o (nm) 7.7 19 20 29 42 72 78 101 93 192

o/ Ly 0.35 0.26 0.23 0.23 0.23 0.19 0.19 0.20 0.13 0.23
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2.6.9 Supplementary Figures
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Figure S2. 1. A) MALDI-TOF MS spectra of PFTMCis. The red square represents the area expanded in B.
RP: repeating unit.
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Figure S2. 2. GPC (refractive index) traces eluted in triethylamine/THF (1% v/v), 1 mL min, 35 °C of
PFTMC-CTA homopolymer (black trace), PFTMC1s-b-PBMA44 diBCP (blue trace), PFTMC1g-b-PBMA4-
b-PNIPAM7o triBCP with homopolymer impurities (red trace), and PFTMCig-b-PBMAus-b-PNIPAM7o
purified by flash column chromatography (purple trace). The y-axis reflects the distribution of weight
fractions by molecular weight.
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Figure S2. 3. *H NMR spectra (in CD,Cl,) of PFTMCi5-CTA.
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Figure S2. 4. *H NMR spectra (in CD,Cl,) of PFTMCis-b-PBMA.
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Figure S2. 5. 'H NMR spectra (in DMSO-dg) of PFTMCis-b-PBMA4-b-PNIPAM7.
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Figure S2. 6. 2D 'H COSY NMR spectra (in CD2Cl,) of PFTMCis-b-PBMA44-b-PNIPAM7,. The peak at
1.12 ppm represents the protons labelled as g, h, and i in Figure S2. 5. Additionally, characteristic ether
impurity (quartet) is observed at 3.06 ppm, hence, the ether impurity is thought to contribute to the signal at
1.12 ppm.
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Figure S2. 7. GPC (refractive index) traces eluted in triethylamine/THF (1% v/v), 1 mL min-, 35 °C of A)
PBMA13 homopolymer, and B) PNIPAM17s homopolymer. The y-axis reflects the distribution of weight
fractions by molecular weight.
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Figure S2. 8. *H NMR spectra (in CD,Cl;) of PBMA 3.
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Figure S2. 9. *H NMR spectra (in CD,Cl,) of PNIPAM7s.
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Figure S2. 10. DLS of the PFTMC18-b-PBMA44-b-PNIPAM70 triBCP in tetrahydrofuran (THF, black line,
Rhz:=6.96 nm, 6 = 1.30 nm), and dimethyl sulfoxide (DMSO, red line, Rn; = 7.04 nm, ¢ = 1.06 nm).
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Figure S2. 11. Screening conditions for the spontaneous self-nucleation of PFTMCis-b-PBMA.s-b-
PNIPAM7q to yield nanofibers via CDSA A) Schematic representation of spontaneous self-nucleation. B-1)
TEM micrographs of the assembly mixtures at different solvent fractions indicated in the figure.
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Figure S2. 12. Histogram of the PFTMC1s-b-PBMA4-b-PNIPAMz7, nanofiber crystalline core width using
measurements from samples at Mynimer/Mseed OF 2.5, 5, 10, 20, 30, and 40 nanofibers made via living CDSA.
A minimum of 50 nanofibers were measured per Munimer/Mseed @dded and presented as combined data. n = 368,
Wh=12.3 nm, # =1.03, ¢ = 2 nm (green). Width of nanofibers made via CDSA n = 158, W, = 12.6 nm,
b =1.03, 6= 2 nm (red). Width of nanofibers made via CDSA loaded with NR n = 152, W, = 13.1 nm,

D =1.02, 6 =2 nm (blue).
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Figure S2. 13. Schematic representation of the generation of low-dispersity nanofibers from PFTMCs-b-
PBMAu4-b-PNIPAM7o. B-D) TEM images of nanofibers prepared via Living CDSA at various Munimer/Mseed
ratios added to solutions of seed nanofibers. munimer/mseed = B) 5:1 C) 40:1 D) 50:1.
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Figure S2. 15. GPC (refractive index) traces of in triethylamine/THF (1% v/v) of PFTMC-b-PNIPAM before
and after flash column chromatography. The y-axis reflects the distribution of weight fractions by molecular
weight.
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Figure S2. 16. 'H NMR spectra (in CD,Cl,) of PFTMC1s-b-PEGszo.
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Figure S2. 17. GPC (refractive index) traces eluted in triethylamine/THF (1% v/v), 1 mL min?, 35 °C of
PEGs3 homopolymer (black trace), PFTMCig-b-PEGs3y diBCP (blue trace). The y-axis reflects the
distribution of weight fractions by molecular weight.
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Figure S2. 18. A) Schematic of segmented PFTMC1s-b-PEGs3-m-PFTMC1s-b-PBMA44-b-PNIPAM7-m-
PFTMC1s-b-PEGs30 nanofibers, prepared by addition of 1 equivalent of the unimeric PFTMC1s-b-PEGs30 (in
THF) to a solution containing low dispersity 412 nm PFTMC1s-b-PBMA4-b-PNIPAM7o coaxial nanofibers
(THF:MeOH, 15:85), after ageing for 48 h. B) TEM of the segmented nanofibers (L, =584 nm, b =1.14, ¢
=216 nm, n=101).
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Figure S2. 19. A) Image of the disperse PFTMC1s-b-PBMA4-b-PNIPAMz7o nanofiber solution after dialysis
against water (0.5 mg/mL) from MeOH:THF (85:15). B) TEM image of the disperse nanofibers in water after
dialysis. C-D) 412 nm nanofibers prepared via the seeded growth method by addition of unimer (in THF) to
the nanofiber seed solution: C) before dialysis (L, = 412 nm, & = 1.04, ¢ = 78 nm), and D) after dialysis to
water (L, = 150 nm, ® = 1.31, ¢ = 84 nm). E) Histogram of the contour length analysis of the 412 nm
nanofibers before and after dialysis to H,O.
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Figure S2. 20. Preparation of NR loaded PFTMCis-b-PBMA4-b-PNIPAM7o disperse nanofibers.
A) Schematic process of NR loading into disperse nanofibers. B) TEM and C) LCSM images of the disperse
nanofibers with NR in THF:MeOH (15:85) before dialysis into water, with diffuse NR fluorescence. D) TEM
and E-F) LCSM images after dialysis into water revealing encapsulation of NR into the nanofibers.
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Figure S2. 21. Fluorescence emission spectra of the encapsulated NR in disperse PFTMC1g-b-PBMAus-b-
PNIPAM7q nanofibers in water. A) LCSM image of the nanofiber with encapsulated NR merged from
observation windows ranging from 563 — 703 nm (10 nm interval, from S12 C-Q). The red rectangle indicates
the nanofiber region used for analysis, and the blue rectangle indicates the area used as background emission
for data treatment. B) Emission spectra of NR encapsulated in disperse nanofibers imaged via LCSM, with
the background emission subtracted. C-Q) Emission windows of encapsulated NR at wavelengths ranging
from 563 — 703 nm.
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Figure S2. 22. A) Schematic process of loading and encapsulation of NR into low dispersity PFTMC s-b-
PBMAu4-b-PNIPAM7 nanofibers via dialysis. B) TEM image of pristine 412 nm nanofibers (L, = 412 nm,
D =1.04,0=78nm).C) TEM (L, =159 nm, P = 1.41, ¢ = 101 nm) and D) LCSM Micrographs of 412 nm
nanofibers after loading NR via dialysis into H,O. E) TEM image of the NR loaded (originally pristine)
nanofibers after loading via PNSL; L, = 339 nm,  =1.29, ¢ =185nm F) TEM (L, = 251 nm, b = 1.50,
o =178 nm) and G) LCSM micrographs of the NR loaded nanofibers after loading via PNSL (from E) and
filtration with a nylon-syringe filter of 0.45 um pore size. The localized fluorescence observed via LCSM
provides evidence for the encapsulation of NR into the nanofibers. H) Histogram of the contour length
analysis of the pristine 412 nm nanofibers prepared via living CDSA before loading NR and transfer to H,O
(blue), after loading via dialysis (green), after loading via PNSL (red), and after loading via PNSL and
filtration (purple). The PNSL process alone reduced the fragmentation of the 412 nm nanofibers by 47%
when compared to the dialysis method. H) Fluorescence emission spectra of NR loaded into nanofibers
prepared via CDSA and via Living CDSA. The similarity of these spectra indicates that NR is localized in
the same environment.
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Figure S2. 23. Fluorescence emission spectra of NR encapsulated into preformed PFTMC1g-b-PBMAu4-b-
PNIPAM7q nanofibers in water. A) LCSM image of preformed nanofibers loaded with NR merged from
observation windows ranging from 563 — 693 nm (10 nm interval, from S14C-P). The middle white square
indicates the area used as background emission for data treatment. The rest of the squares represent the areas
used to assess the emission of the loaded NR in the nanofibers. B) Emission spectra of NR encapsulated in
low dispersity nanofibers by LCSM, with the background emission subtracted. C-P) Emission windows of
encapsulated NR at wavelengths ranging from 563 — 693 nm.
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Figure S2. 24. A) LCSM image of NR dialyzed to water from THF:MeOH 15:85 (0.025 mg/mL). No
evidence of elongated morphologies are present - the red aggregate-dot and red stripe on the left are regions
where an air bubble was present, the dark region is water, and the lack of fluorescence where water is present
indicates that the NR fluorescence is quenched in water. B) TEM image of the NR solution dialyzed into
water, where dark NR aggregates are observed but no nanoparticles or nanofibers are observed, as expected.
C) Precipitate of NR (0.025 mg/mL, 1.5 mL, MeOH) after 10 mins observed during dialysis to H-0. D)
Fluorescence emission spectra of a solution of NR at 0.025 mg/mL in MeOH, and the NR sample dialyzed
from MeOH (0.025 mg/mL, 1.5 mL) into water, then lyophilized, and resuspended in MeOH (1.5 mL) for
spectroscopic analysis. The presence of a significant emission from NR indicates that dialysis is insufficient
for the removal of NR. E) Fluorescence emission spectra of solutions of NR (10 and 1 wt %) transferred to
H,0 via PNSL, filtered (0.45 pum, nylon filter), lyophilized and resuspended in MeOH to assess NR removal.
hex = 540 nm.
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Figure S2. 25. TEM micrographs of PFTMCis-b-PBMA-b-PNIPAM7o nanofibers before NR loading and
transfer to water via the PNSL method. A) Seeds (L, =22 nm, ® = 1.12, ¢ = 7.7 nm). B) 84 nm fibers (L, =
84 nm, H = 1.05, 0 =20 nm).
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Figure S2. 26. A) TEM micrograph of 84 nm PFTMCis-b-PBMA4s-b-PNIPAM7o nanofibers (L, = 86 nm,
D =1.26, 0 = 44 nm) after NR loading and transfer into water via dialysis. B) Countour length histograms of
84 nm nanofibers loaded with NR via PNSL (blue), and via dialysis (red). Our results show that the L, of
both samples is fairly similar, but in the case of the 84 nm nanofibers loaded via dialysis, both fragmentation
and an increase in length of the nanofibers is observed. The fragmentation occurs due to the rapid solvent
exchange process during dialysis, whereas the increase in length likely arises from hydrophobic and
entropically favorable interactions between the PBMA blocks at the end of the nanofibers during the fast
solvent exchange, resulting in nanofiber end-fusion and an increase in length.
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Emission spectra (in MeOH) of the PFTMCis-b-PBMA44-b-PNIPAM7o (Ln =25 nm,

b =1.08, o = 7.0 nm) nanofibers loaded with NR via PNSL at different concentrations, followed by filtration:
A) 0.01 wt %, B) 0.1 wt %, C) 1 wt %, D) 10 wt %, and E) 25 wt %. F) Emission spectra (in MeOH) of the
PFTMCis-b-PBMAus-b-PNIPAM7 (Ln =125 nm, D =1.08, ¢ =35 nm) nanofibers loaded with NR via
PNSL at 1 wt %. Xex = 540 nm. Each experiment was conducted in triplicate and the spectral traces are
labelled accordingly.
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Figure S2. 28. A), C), E) and G) Emission of NR at different concentrations (in MeOH) to construct the
calibration curves in B, D, F and H. The emission intensity for the calibration curves was recorded at Aex =
540 nm. The equation of the line and coefficient of determination for each calibration curve at Aex-max = 630
nm are as follows: B) y =267.2 + 1.61x106x; r2=0.9999. D) y = 103.2 + 1.48x10° x; r>=0.9999. F) y = 2399
+8.26x108 x; r? = 0.9999, and G) y = 855.1 + 1.85x10°x; r? = 0.9998. The equations were used to quantify
the loading of NR in the nanofibers from the Figure S2. 27.
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Figure S2. 29. Loading properties of PFTMC1s-b-PBMA4s-b-PNIPAM7o Ly = 25 nm (D = 1.08, o = 35 nm)
nanofibers with different initial quantities of NR (wt %) used in the loading process; A) Nile Red loaded in
ng per mg of triBCP, B) Encapsulation Efficiency (EE %), C) Loading Capacity (LC %). D) LC % of triBCP
nanofibers L, = 125 nm (D = 1.08, o = 35 nm). The EE % and LC % were calculated as follows: EE % =
(mass of drug added — mass of non-encapsulated drug)/(mass of drug added)x100, e.g. 25 nm seeds loaded
at 1 wt %; EE % = (1000 ng — 940 ng)/(1000 ng)x100=6%, and LC % = (mass of encapsulated drug)/(mass
of nanofibers)x100, e.g. 25 nm seeds loaded at 1 wt %; LC % = (60 ng)/(100,000 ng)x100=0.06%.
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Figure S2. 30. TEM micrographs of the loading process of the PFTMC1g-b-PEGs3, nanofibers D) before
loading (L» = 108 nm, & = 1.08, ¢ = 30 nm), E) after loading via PNSL (L, = 114 nm, £ = 1.06, o = 28 nm),
F) after syringe filtration (L, = 125 nm, & = 1.04, o = 26 nm).
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Figure S2. 31. Release of NR from PFTMCis-b-PBMA4s-b-PNIPAM7o nanofibers. A) Schematic of the
release process for NR encapsulated in the PBMA block of the nanofibers after dialysis from water back into
MeOH. B) TEM image of NR loaded nanofibers in water before dialysis. C) LCSM image of nanofibers in
water before dialysis. D-F) TEM and LCSM, respectively, of the nanofibers after dialysis into MeOH
showing the nanofibers but no emission from NR. G) LCSM fluorescence emission spectra of the NR loaded
nanofibers before (black) and after (red) dialysis into MeOH. The disappearance of the emission from NR is
evidence for the release of NR, which is presumably removed via repeated changes of the MeOH dialysate.
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Figure S2. 32. TEM image of the PFTMC1g-b-PBMAu4-b-PNIPAM7, nanofibers in S2. 22F after dialysis to
MeOH.

Figure S2. 33. Molecular mechanics simulations of PFTMCg-b-PBMA2-b-PNIPAM3s. The DP, of each
block was divided in two for computational efficiency (the polymer used in this work was PFTMCs-b-
PBMAu4-b-PNIPAM7). The energy minimized structure was computed using the energy minimization
function in Chem3D with the MM2 force field, and visualized using UCSF Chimera.®* The length of the
PBMA chains was measured in USCF Chimera, and found to be 5.04 nm for PBMA,,, and hence 10.1 hm
for PBMA ..
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Hydrophobic Cargo Loading at the Core-Corona
Interface of Uniform, Length-Tunable Aqueous
Diblock Copolymer Nanofibers with a Crystalline

Core
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Parkin. Initial scientific design of the experiments was conducted by Juan Diego Garcia

Hernandez. Research was conducted at the University of Victoria.

146



Chapter 3

3.1 Abstract

1D core-shell nanoparticles are considered to be among the most promising for
biomedical applications such as drug delivery. The versatile living crystallization-driven
self-assembly (CDSA) seeded growth method allows access to uniform, length-tunable,
and water-dispersible nanofibers from block copolymer (BCP) amphiphiles. A possible
hinderance to their use for drug delivery is that encapsulation of cargo within the crystalline
core is expected to be difficult. Herein, we demonstrate that non-covalent hydrophobic
cargo uptake by diBCP nanofibers with a crystalline poly(fluorenetrimethylenecarbonate)
(PFTMC) core and a corona of either poly(N-isopropylacrylamide, PNIPAM) or
poly(ethylene glycol, PEG) can be achieved at the core-corona interface. The length of the
nanofibers was precisely controlled over a wide range of lengths (ca. 50 — 1700 nm, b <
1.07), however we focused on low dispersity nanofibers with lengths relevant for drug
delivery (100 — 130 nm, B < 1.06) for cargo loading experiments. After loading via a
solvent switch to water, the nanofibers remained colloidally stable for at least 6 months,
and for up to 48 h under enzymatic conditions as observed by the absence of aggregation
by TEM and DLS analysis. Our findings indicate that uptake of the hydrophobic
fluorescent dye Nile Red (NR), used as a proxy for a therapeutic cargo, is independent of
the nature and length of the corona-forming blocks of the nanofibers. Localization of the

cargo at the core-corona interface was evidenced by fluorescence spectroscopy.
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3.2 Introduction

Advances in the block copolymer (BCP) solution self-assembly field have enabled
access to a wide variety of colloidally stable micellar nanostructures with different
shapes.1? Such polymer-based nanoparticles have been employed for various applications,
with drug-delivery as one of the most promising.> Micellar nanoparticles can generally
increase the solubility and biodistribution of drug molecules, and decrease non-specific
tissue damage, degradation, and side effects.*®> The efficacy of a nanoparticle-based
therapeutic relies on important characteristics such as their size,® shape,” and dispersity
(D).39 It is therefore highly desirable to be able to control the morphology and dimensions
of micellar nanoparticles that are intended for clinical use and require approval by
regulating bodies.*®

1D core-shell micellar nanoparticles such as nanofibers, cylinders, or worms have often
demonstrated significant advantages over conventional spherical nanoparticles for drug
delivery,'* by displaying improved circulation times,> tumor penetration,**!* and
specificity®® together with lower rates of phagocytosis!®!’ and renal clearance.'® However,
until recently, access to morphologically pure samples of nanofibers that are colloidally
stable in aqueous media and possess controlled dimensions and low dispersity was a
considerable challenge, and represented a major hurdle for the development of nanofiber-
based therapeutics.1%2°

Recently, crystallization-driven self-assembly (CDSA) of amphiphilic BCPs has
enabled access to morphologically pure nanofibers with a crystalline core-forming
block.?12* Living CDSA, a seeded growth method, has enabled dimensional control of

nanofibers across length scales from ca. 20 nm to > 5 pm, with accompanying low length
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dispersities (< 1.1).125-?7 Performing the living CDSA in sequence with a range of suitable
BCPs, micellar nanoparticles with not only controlled dimensions but also segmented core
or corona chemistries have been prepared,?>2628-0 yielding nanoparticles with spatially-
defined functional groups for targeting,®* and tracking.'**%*2 Significantly, several
crystallizable BCPs are currently known to undergo living CDSA and are suitable for drug
delivery or biomedical applications owing to their biodegradability and limited
toxicity.23%37

Drug-loaded micellar nanoparticles are generally prepared from amorphous BCPs
under conditions where cargo encapsulation and nanoparticle formation proceed
concurrently. A disadvantage of this method is that the resulting properties of the drug-
loaded nanoparticles, such as their size and shape, are directly related to the cargo and the
self-assembly process, minimizing the control over the nanoparticle characteristics. In
nanoparticles prepared from BCPs with a crystallizable block, the encapsulation of
exogenous cargo molecules can decrease the core crystallinity and stability of the resulting
nanoparticles.384!

To date, cargo loading of preformed nanofibers with a crystalline core prepared via
CDSA or living CDSA can be performed using two main strategies. First, in a method
described by Stenzel and coworkers, covalent tethering of drug molecules to the
hydrophilic corona-forming block of the nanofibers was acheieved.®? Second, in an
alternative method reported by ourselves,* non-covalent encapsulation of cargo was
achieved in an outer amorphous core region surrounding an inner crystalline core of
triblock copolymer (triBCP) nanofibers with a coaxial-core and a hydrophilic corona

prepared via living CDSA.*? In this case the encapsulation of fluorescent cargo (Nile Red,
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NR) was conducted via the preformed-nanoparticle solvent-switch loading (PNSL)
method. The PNSL procedure yields loaded nanofibers with lengths relevant for drug
delivery (ca. 100 nm) with virtually no fragmentation owing to the controlled solvent-
switch transfer to water via a syringe-pump (flow rate = 100 pL/min) and removal of
unbound cargo by syringe filtration. The presence of hydrophobic cargo in the outer
amorphous poly(butyl methacrylate) (PBMA) core surrounding a crystalline
poly(fluorenetrimethylenecarbonate) PFTMC was evidenced using fluorescence
spectroscopy and microscopy.*?

As part of our recent aforementioned study of triBCP nanofibers with a coaxial-
core comprising an inner crystalline PFTMC domain, an outer amorphous PBMA region,
and a hydrophilic poly(N-isopropylacrylamide) (PNIPAM) corona, we performed
preliminary comparative studies of hydrophobic cargo uptake by PFTMC-b-PEG diBCP
nanofibers with only a crystalline PFTMC core. Surprisingly, fluorescence spectroscopy
measurements indicated that cargo uptake also occurred in this case and suggested NR
localization at the core-corona interface.*? This indicated a potential third method for cargo
uptake by nanofibers with a crystalline core formed by living CDSA. In order to explore
this approach in more depth, here we report a detailed study of hydrophobic cargo (NR)
uptake at the core-corona interface by a variety of low length dispersity diBCP nanofibers
with a crystalline PFTMC core and either PNIPAM or PEG as hydrophilic corona forming-

blocks formed via living CDSA.
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3.3 Results and Discussion
3.3.1 Design of DiBCP Nanofibers for Uptake of Hydrophobic Cargo

To perform cargo loading via the PNSL method, both the diBCP nanofibers and the
hydrophobic cargo need to be soluble in the same organic solvent. Upon transfer to aqueous
media the solubility of the hydrophobic cargo will decrease, thereby facilitating its uptake
at the core-corona interface of the diBCP nanofibers (Figure 3. 1A). To meet these
solubility requirements and to provide colloidal stability in both organic solvent mixtures
and aqueous media, the diBCP nanofibers were designed to possess either a PNIPAM or
PEG corona-forming block. The PNIPAM and PEG corona-forming blocks were chosen
to assess if the nature of the corona block influences the cargo loading process. In addition,
the length of the PEG-containing diBCP nanofibers was varied by using different degree
of polymerization (DPy) values (i.e., PEG275s and PEGs30) to assess the influence on the
loading efficiency. The selected DP of each block in the resulting PFTMC-b-PNIPAM and
PFTMC-b-PEG nanofibers were based on previous reports that indicate that core:corona
ratios of ca. 1:5 to 1:20 generally favor nanofiber formation by CDSA.>*344 To facilitate
comparisons, the DP, of the PFTMC core-forming block was kept constant at 18 — 19
repeating units. Thus, the three diBCP nanofiber systems used for this work were as
follows: PFTMC1g-b-PNIPAMu42s5, PFTMCi19-b-PEG275, and PFTMC1s-b-PEGs30, (Figure

3.1B).
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Cargo Loading in DiBCP Nanofibers

Organic media Agueous media
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Three diBCP nanofiber systems
PFTMClg-b-PNIPAM425 PFTMClg-b-PEGZ;.E, PFTMCls-b-PEGS30
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Figure 3. 1. Strategy for the loading of hydrophobic cargo in diBCP nanofibers with a crystalline-PFTMC
core at the core-corona interface prepared from PFTMC-b-PNIPAM, and PFTMC-b-PEG diBCPs. A)
Process for the loading of hydrophobic cargo (red dots) at the interface if the crystalline core (gray) with the
corona (blue) of the preformed nanofibers upon transfer to H.O, with the description of each component of
the system. B) Structure of color-coded PFTMCis-b-PNIPAMys2s, PFTMCi9-b-PEG275, and
PFTMC1s-b-PEGs30 diBCPs used in this work.

3.3.2 Synthesis and Characterization of diBCPs: PFTMCis-b-PNIPAM425, PFTMC19-b-
PEG275, and PFTMCis-b-PEGs30

The PFTMCis-b-PNIPAM42s diBCP was prepared using a combination of
ring-opening polymerization (ROP) and reversible addition-fragmentation chain-transfer
(RAFT) polymerization, following our previously reported procedure.*> The PFTMCis
homopolymer functionalized with the RAFT-CTA was prepared via ROP of the cyclic
carbonate  spiro[fluorene-9,5'-[1,3]-dioxan]-2"-one  (FTMC)  monomer  using
2-cyano-5-hydroxypentan-2-yl ethyl carbonotrithioate as a small molecule initiator to yield

PFTMC1s-CTA. The PFTMC1s-CTA homopolymer was characterized using matrix-
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assisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry
(4,729 m/z, DP, = 18, Figure S3. 1), 'H NMR spectroscopy (Figure S3. 2), and gel
permeation chromatography (GPC, My = 4,800, Pm = 1.17, polystyrene standards, Figure
S3. 3). RAFT polymerization of the PFTMC1s-CTA with N-isopropylacrylamide in
dioxane yielded the targeted PFTMC1g-b-PNIPAM, diBCP. The DP, value of the PNIPAM
block was determined by comparing the relative *H NMR integration of the PFTMCis
block at 4.50 — 4.27 ppm (Figure S3. 2) to the resonance of the PNIPAM block at 4.06 —
3.58 ppm, and corresponded to PFTMCi1s-b-PNIPAMa2s (Figure S3. 4). Tailing towards
low molar mass fractions was detected via GPC analysis of the PFTMC1g-b-PNIPAMua2s
diBCP (Mn = 31,800, Pm = 1.76, Figure S3. 3). The tailing results from the interaction
between the amino-groups present in the PNIPAM block with the GPC column, resulting
in an overestimation of the reported dispersity values.*® Such issues have been observed
for the analysis of PNIPAM-containing materials.*®

The PFTMC-b-PEG diBCPs were synthesized via the DBU catalyzed ring-opening
polymerization of the FTMC monomer utilizing commercially available PEG methyl ether
homopolymers of distinct molecular weights (11 kDa, and 20 kDa) as macroinitiators in
dry DCM, following reported procedures.®*? The resulting diBCPs were characterized by
H NMR and GPC, the DP,, values of the diBCPs were obtained via *H NMR integration
of the resonances of the diBCP to the integration of the methyl end-group yielding
PFTMC1s-b-PEG27s (Mn = 15,200, Dm = 1.07 by GPC. Figure S3. 5, 6), and
PFTMC1s-b-PEGs3 (Mnh= 26,600, BDm = 1.14 by GPC. Figure S3. 7, 8). Polymer

characterization data is summarized in Table S3. 1.
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3.3.3 Preparation of Low Length Dispersity Nanofibers with Controlled Dimensions

Although the crystallization-driven fiber-growth of PFTMC-b-PNIPAM diBCPs
was briefly studied in our previous work when it was used for the formation of segmented
nanofibers,*? detailed studies are reported here. In contrast, the living CDSA of PFTMC-
b-PEG diBCPs has been previously described in depth.® Therefore, first, the solution state
self-assembly of PFTMCis-b-PNIPAMa42s was investigated in detail (Figure 3. 2A).
Dynamic light scattering analysis demonstrated that tetrahydrofuran (THF) was a good
solvent for both PFTMC and PNIPAM as the diBCP was present in unimeric form in
solution (Figure S3. 9). To yield nanofibers of controlled lengths and low dispersities, the
formation of length disperse nanofibers via self-nucleation, sonication to yield seeds, and
living CDSA (seeded growth) were used in sequence. The self-assembly of
PFTMC1s-b-PNIPAMa2s via spontaneous nucleation to yield nanofibers was attempted in
a mixture of THF and methanol (MeOH). MeOH has been used as a selective solvent for
PNIPAM and PEG corona-forming blocks of PFTMC-based nanofibers.>>*? The
spontaneous nucleation process involved heating of PFTMCis-b-PNIPAMa2s in 15:85
THF:MeOH common:selective solvent ratio (v/v) at 70 °C for 3 h, followed by cooling to
20 °C over a period of 2.5 h and ageing for 48 h. Transmission electron microscopy (TEM)
analysis revealed a morphologically pure population of long and length-disperse nanofibers
(Ln >2 pm, Figure 3. 2B). Sonication of the solution containing the length disperse
nanofibers for 3 h at 0 °C yielded seed nanofibers with an average length L, = 46 nm
(P =1.17, 0 = 19 nm) by TEM analysis (Figure 3. 2C).

Nanofibers of controlled length were obtained by adjusting the unimer to seed ratio
(Munimer/Mseed) OF PFTMC1s-b-PNIPAM.25 unimer (in THF) added to diluted seed nanofiber

solutions (THF content: 10 — 20% in MeOH), followed by a 48 h ageing period. By
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adjusting the unimer to seed ratio (Munimer/Mseed) from 0:1 to 40:1; nanofiber length control
was achieved from Lseeds = 46 nm (P =117, 6=19nm) to L, =1729 nm (b = 1.05,
o =385nm), as observed via TEM (Figure 3. 2D-G, S3. 10). Low length dispersity
PFTMC1s-b-PNIPAMa42s nanofibers were obtained in each case (Figure 3. 2H, 1).
Furthermore, a linear trend of the final length of the nanofibers vs Muynimer/Mseed ratio was

obtained. The resulting lengths were consistent with those predicted using the relationship
Ln(theory)y = (Ln(seea) xmu"ime"/msee ) 1 Ln(seeay based on the number of mass
equivalents (Munimer/Mseed) OF unimer added to the seeds (Ly(seeqy = 46 NM) within

experimental error (Figure 3. 2J). The lengths and dispersities of the nanofibers prepared
via the seeded growth method remained significatively unchanged after 12 months, when
compared to the data collected after 48 h as shown by TEM analysis of the nanofiber
samples with 2.5 and 40 equivalents of unimer added. In addition, the values were
consistent with complete consumption of added unimer (2.5 egs, 48 h: L, = 163 nm,
D =1.04, 0 = 36 nm, 12 months: L, = 166 nm, = 1.05, ¢ = 36 nm, and 40 eqs, 48 h: L, =
1729 nm P = 1.04, o = 385 nm, 12 months: L, = 1798 nm D = 1.02, 0 = 267 nm. Table S3.
2 and Figure S3. 11) . A summary of the contour length analysis of the PFTMCis-b-
PNIPAMa25 diBCP nanofibers is presented in Table S3. 2. The TEM samples in this work
were prepared by casting onto carbon-coated copper grids which were plasma treated to
increase the hydrophilicity of the carbon film and negatively stained with a uranyl acetate
solution (3 wt % in EtOH). The staining solution interacts favorably with the hydrophilic
corona forming-blocks such as PNIPMAM and PEG but not with the hydrophobic PFTMC
core block, resulting in a relatively bright nanofiber-core against a dark background when

observed via bright field TEM.

155



Chapter 3

A Low Dispersity Nanofibers
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Figure 3. 2. Preparation of low dispersity nanofibers of controlled length. A) Schematic representation of
the generation of low dispersity PFTMC1s-b-PNIPAMa25 nanofibers through the living CDSA method. B)
TEM micrograph of disperse PFTMC1s-b-PNIPAM.zs nanofibers (2 mg/mL) prepared in THF:MeOH (15:85
v/v), after annealing at 70 °C for 3 h, and ageing for 48 h. C) TEM micrograph of seed nanofibers (46 nm,
b =1.17, 6 = 19 nm) prepared through sonication of the disperse nanofibers (from B, in THF:MeOH 15:85)
for 3h at 0 °C. D-G) TEM images of low dispersity nanofibers prepared through seeded-growth by addition
of unimer in THF to nanofiber seed solutions at: D) 5:1 E) 10:1 F) 20:1 and G) 30:1 Mynimer/Mseeq ratios. H)
Nanofiber length summary. 1) Contour length histograms of seeds and low length dispersity nanofibers of
controlled lengths J) Plot of Munimer/Mseed @gainst Ly, error bars indicate standard deviation (n > 150 number
of nanofibers). TEM images were stained with uranyl acetate (3 wt % in EtOH).
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3.3.4 Cargo Uptake by Low Length Dispersity PFTMC-b-PNIPAM, and PFTMC-b-PEG
DiBCP Nanofibers via the Preformed-Nanoparticle Solvent-Switch Loading (PNSL)
Method

We previously found that dialysis was an unsatisfactory method to perform the
loading of nanofibers, as this led to inefficient removal of unbound cargo, and a fast rate
of solvent exchange (under 10 min) that resulted in nanofiber fragmentation.*? These issues
led to the development of the more efficient PNSL method for cargo encapsulation on
coaxial-core triblock copolymer nanofibers.*? In the current work we used the same PNSL
method to achieve cargo uptake of the hydrophobic NR dye as a proxy for a therapeutic

cargo by diBCP nanofibers (Figure 3. 3A).
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A Preformed-Nanoparticle Solvent-Switch Loading (PNSL)
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Figure 3. 3. Uptake of model hydrophobic cargo Nile Red (NR) by low dispersity nanofibers of controlled
lengths (0.1 mg/mL, 900 pL, in MeOH:THF 85:15) at different NR concentrations (0.1 — 10 wt %, in MeOH).
900 pL of H,O added at 100 pL/min. A) Schematic process for the uptake of NR onto low dispersity diBCP
nanofibers via the PNSL method. TEM micrographs of low dispersity PFTMC1g-b-PNIPAM4,s diBCP
nanofibers; B) before (L, = 127 nm, D = 1.03, ¢ = 22 nm), and C) after (L, = 122 nm, P = 1.05, o = 27 nm)
NR uptake via the PNSL method and filtration. A possible staining artifact between the PNIPAM-containing
nanofibers in water and the uranyl acetate contrast agent may lead to a thicker appearance of the nanofibers
in C. D) Contour length histogram of the PFTMC1s-b-PNIPAM4,s diBCP nanofibers before (B), and after
(C) NR uptake and filtration. TEM micrographs of low dispersity PFTMC19-b-PEG,75 diBCP nanofibers; E)
before (L, = 127 nm, B = 1.06, o = 32 nm), and F) after (L, = 133 nm, D = 1.06, ¢ = 32 nm) NR uptake via
the PNSL method and filtration. G) Contour length histogram of the PFTMC19-b-PEG275 diBCP nanofibers
before (E), and after (F) NR uptake and filtration. H) Quantity of loaded NR (in ng/mg of polymer), and I)
Encapsulation Efficiency (EE %) determined by fluorometry of both PFTMCis-b-PNIPAM42s, and
PFTMC19-b-PEG375 diBCP nanofibers in ‘C and F* with respect to the initial NR concentration in solution
(wt %). J) Emission spectra of the loaded NR by both PFTMCis-b-PNIPAMuzs, and PFTMC19-b-PEG275
diBCP nanofibers in water (nanofiber concentration = 0.1 mg/mL).
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PFTMC19-b-PNIPAM425 and PFTMCi9-b-PEG275 were used to investigate if the
chemistry of the corona-forming blocks can influence the cargo uptake process, and
PFTMC19-b-PEG275 and PFTMC1s-b-PEGs30 nanofibers were utilized to assess the effect
of the length of the corona (DPy) in the loading process. Optimization of the loading process
was conducted by tuning the concentration of NR in solution (0.1 — 10 wt %) prior to the
PNSL process. Nanoparticle sizes ranging from 20 — 200 nm are considered optimal for
drug delivery as this size range is below the pore size of commonly targeted tissues related
to important pathologies.®>4’ Hence, we prepared nanofibers of length ca. 125 nm via the
living CDSA seeded growth method in a mixture of THF:MeOH (15:85) and these were
characterized by TEM after 48 h of aging. The length of the resulting
PFTMCi1s-b-PNIPAMazs, PFTMC19-b-PEG275, and PFTMCis-b-PEGs30 nanofibers after
the addition of corresponding unimer to appropriate seed solutions were Ly = 127 nm
(P =1.03, 6=22nm, Figure 3. 3B), Ln = 127 nm (b = 1.06, o =32 nm, Figure 3. 3E,
S3.12),and Ly =114 nm (P = 1.06, ¢ = 28 nm, Figure 3. 4, S3. 13D), respectively. See the
supplementary information for experimental details (section 3.5.3).

First, aliquots of a NR solution (1 mg/mL in MeOH) were added to diluted solutions
of nanofibers (in MeOH) to obtain a mixture of diBCP nanofibers at 0.1 mg/mL
(PFTMCas-b-PNIPAM4zs, PFTMCi19-b-PEG275), whilst the NR concentration was varied
from 0.1 — 10 wt % (each experiment conducted in triplicate, n = 3). In the case of
PFTMCs-b-PEGs30 nanofibers the same procedure as above was conducted but the NR
concentration was kept at 1 wt %. The resulting nanofiber with NR solutions were
continuously homogenized via an orbital shaker. While being homogenized, H>O was

added to the vials containing the nanofibers and NR at a rate of 100 uL/min via a syringe
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pump. To remove the organic solvents and drive cargo uptake, the organic solvents were
left to evaporate for 12 h in the dark at room temperature, followed by the introduction of
a gentle flow of air into the vials (for 30 min). The colloidal solutions of the resulting
loaded nanofibers in H20O were subsequently filtered through 0.45 um Nylon syringe filters
to remove residual unloaded NR and were then diluted to the original volume of the
samples through the gravimetric addition of water. TEM and contour length analysis of the
nanofibers after loading and filtration revealed no significant change of both nanofiber
length and dispersity, indicating that no fragmentation occurred; PFTMC1g-b-PNIPAMa2s
Lh = 122 nm (P =1.05, o = 27 nm, Figure 3. 3C-D), PFTMC19-b-PEG275 Ln = 133 nm
(P =1.06, 0 = 32 nm, Figure 3. 3F-G), and PFTMC1s-b-PEGs30 Ly = 125 nm (P = 1.06,
o =32 nm, Figure 3. 4B-C). The nanofibers showed good solubility in water for at least 6
months after the loading and filtration, as indicated by the absence of precipitates in the
vials containing the loaded nanofibers (Figure S3. 14A). Consistent with these
observations, DLS analysis of the loaded nanofibers revealed no large-sized aggregates
present in aqueous solution after 6 months (Figure S3. 14B). Together, the absence of
precipitates, the TEM, and DLS data indicate that the nanofibers remain colloidally stable
in solution and unchanged in dimensions for at least 6 months (Figure S3. 14A-B).
Nanoparticles utilized for drug delivery need to bypass a range of biological barriers prior
to successful payload delivery, such as enzymatic degradation.® Liver microsomes are
subcellular fractions of hepatocytes that contain cytochrome P450 enzymes that are
involved in metabolism.*® Hence, to assess their stability to enzymatic degradation, a
sample of PFTMC1s-b-PEG275 nanofibers (L, = 127 nm by TEM) was transferred to PBS

medium via the PNSL method, incubated at 37 °C with liver microsomes, and
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Coenzyme Il-reduced tetrasodium salt (NADPH, 1 mM). DLS and TEM revealed that the
nanofibers remain stable for at least 48 h under the given enzymatic conditions (Figure S3.
14C-D), which provides an excellent timeframe for the nanofibers to deliver cargo before
losing colloidal stability arising from degradation.*’

3.3.5 Quantification of NR Uptake by Low Dispersity PFTMC-b-PNIPAM, and PFTMC-b-

PEG DiBCP Nanofibers: Assessment of the Influence of the Composition and Length of

the Corona-Block

The uptake of NR by the nanofibers was evaluated via fluorometric assays of
freeze-dried samples resuspended in MeOH (Figure S3. 15, 16, 17). The results are
expressed in ng of NR per mg of diBCP (ng/mg of polymer), Encapsulation Efficiency
(EE %), and Loading Capacity (LC %). Our findings indicate that the maximum uptake of
NR, fluorescence emission, EE %, and LC % by PFTMC1s-b-PNIPAMa25 and PFTMC1o-
b-PEG275 nanofiber systems was achieved using a concentration of 1 wt % of NR (Figure
3. 3H-I, S3. 18). At higher NR concentrations it appears that the loading is decreased due
to rapid self-aggregation of the dye. The PFTMC1s-b-PNIPAM425 nanofibers absorbed an
average maximum of 207 ng of NR/mg of polymer (2.1 EE %, 0.02 LC %, 2.0 mol %,
Figure 3. 3H-1, S3. 18), whereas for the PFTMC19-b-PEG275 nanofibers the value was 298
ng of NR/mg of polymer (3.0 EE %, 0.03 LC %, 1.4 mol %, Figure 3. 3H-I, S3. 18). Within
experimental error, the loading efficiency of both sets of nanofibers appears to be similar.
To corroborate that syringe-filtration was an efficient method to remove unbound NR,
control experiments where NR (1pg/mL) was transferred to water via the PNSL method
with and without filtration were conducted (Figure S3. 19). No significant emission from
the filtered NR solution was detected, whereas the emission of the nonfiltered NR solution

closely matched the emission of the calibration curve at 1 pg/mL of NR (in Figure S3.
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17B). Therefore, syringe-filtration was determined to be an efficient method to purify
unbound NR from diBCP nanofibers (Figure S3. 19). Together, the PNSL and filtration
circumvent nanofiber fragmentation and also the formation of hydrophobic drug
aggregates which cannot be removed by dialysis against water and may otherwise
exaggerate the encapsulation efficiency of nanoparticles.

Next, assessment of the NR loading on PFTMCys-b-PEGs30 diBCPs nanofibers was
conducted (Figure 3. 4). The nanofibers were loaded via the PNSL method at the optimal
loading concentration found in the previous section (1 wt % of NR, Figure 3. 3H-I). As
mentioned before, the length and dispersity of the loaded PFTMC1g-b-PEGs30 diBCP
nanofibers presented no significant change (L, = 125 nm, P = 1.06, ¢ = 32 nm, Figure 3.
4A-C) and good colloidal stability for up to six months in aqueous solutions (Figure S3.
14A-B). It was found that 233 ng of NR per mg of diBCP were loaded on average as
analyzed by fluorescence spectroscopy (2.2 EE %, 0.02 LC %, 2.1 mol %, Figure 3. 4D,
S3. 20). To compare the amount of NR loaded to diBCP nanofibers with long and short
PEG-coronas, the amount of NR (ng/mg of polymer) and the EE % of PFTMC1s-b-PEGs30
and PFTMC1o-b-PEG275 (from Figure 3. 3H-I, loaded at NR 1 wt %) were plotted together.
The quantity of loaded NR and the EE % were found similar at the same NR loading
concentration (1 wt %) for both PFTMC-b-PEG nanofiber systems within experimental
error (Figure 3. 4D).

The amount of NR loaded on nanofibers with a PNIPAMa2s corona and with both
short (PEG275) and long (PEGs3z0) PEG-coronas were compared via a Welch’s analysis of
variance (ANOVA) test (P < 0.05, Figure S3. 21). The outcome of this analysis revealed

that there was no statistically significant difference among the means of the three diBCP
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systems loaded with NR at 1 wt % (PFTMCus-b-PNIPAMuzs: 207 + 22 ng/mg of polymer,
PFTMC19-b-PEG275: 298 + 40 ng/mg of polymer, and PFTMC1s-b-PEGs30 nanofibers: 233
+ 75 ng/mg of polymer). Hence, the cargo uptake performance does not appear to be
significantly influenced by either the composition or length of the corona of diBCP
nanofibers with a crystalline PFTMC core. Since the PFTMC DP;, was kept constant (DP»
= 18 — 19) and the core radii appears similar by TEM (ca. 4.5 nm. Figure S3. 22), the
crystalline-core surface area available for NR loading remained unchanged on the three
diBCP nanofiber systems studied. The similar quantities of NR loaded by the three diBCP
nanofiber systems are in good agreement with a loading mechanism where cargo
accumulates at the core-corona interface where a dependency on the PFTMC core surface

area available for loading would be expected.
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Figure 3. 4. TEM micrographs of low dispersity PFTMC1s-b-PEGs3o diBCP nanofibers; A) before (L, = 114
nm, D = 1.06, ¢ = 28 nm), and B) after (L, = 125 nm, P = 1.06, ¢ = 32 nm) NR uptake via the PNSL method
and filtration. C) Contour length histogram of the PFTMC19-b-PEGs30 diBCP nanofibers before (A), and after
(B) NR cargo uptake and filtration. D) Amount of loaded NR (in ng/mg of polymer), and Encapsulation
Efficiency (EE %) determined by fluorometry of PFTMCis-b-PEGss0, at initial 1 wt % of NR. For
comparison, data of the NR loaded at 1 wt % of NR by PFTMC1e-b-PEG,75 diBCP nanofibers is presented
in D, from Figure 3. 3G.
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3.3.6 Evidence for the Uptake of Nile Red at the Core-Corona Interface of the Nanofibers

Fluorescence measurements of the nanofibers in H2O revealed that the NR was
indeed associated with the nanofibers in the three diBCP systems, but in slightly different
polar environments (Figure 3. 3J, S3. 23). The NR emission from NR-loaded PFTMC19-b-
PNIPAMa25 nanofibers in water was found at Amax =639 nm whereas that for the
PFTMC1s-b-PEG275 analogues was marginally blue-shifted, with a Amax = 632 nm (Figure
3. 3J), which indicates that the local environment is less polar. The NR emission from
PFTMC1s-b-PEGs30 loaded diBCP nanofibers in H2O where the PEG block is even longer
was slightly further blue-shifted by 5 nm (Amax = 627 nm, Figure S3. 23) . This may result
from the shielding effect that a larger DP, of PEGs3o corona provides to the NR from water
molecules.

The NR emission from the three diBCP nanofiber systems (Amax = 627 — 639 nm)
is significantly red-shifted from that reported for NR encapsulated on triBCP nanofibers
where the NR is located in the hydrophobic environment of the poly(butyl methacrylate)
outer core (Amax = 610 nm).*? The PFTMC core of the diBCP nanofibers is highly
crystalline®® and insoluble in the solvent medium used for NR loading and is therefore
highly unlikely to permit cargo encapsulation. Moreover, if core uptake was possible the
fluorescence signature would be characteristic of NR localized within a hydrophobic
environment (i.e. substantially blue-shifted by a further 20 nm). The NR fluorescence
emission from the diBCP nanofiber systems (Amax = 627 — 639 nm) therefore most likely
arises from localization at the core-corona interface where the key interactions are with the
exposed surface of the crystalline PFTMC core, other NR molecules, the corona chains,
and the water molecules that swell the corona. The similar quantities of NR loaded by the

diBCP nanofibers, the relatively small range of NR emission (Amax = 632 — 639 nm), and
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their consistent colloidal stability are in agreement with the described cargo loading

mechanism involving adsorption at the core-corona interface.

3.4 Summary and Conclusions

We report studies of the cargo loading of diBCP nanofibers with controlled lengths
and low length dispersities. The lengths selected (ca. 100 — 130 nm) were within the range
(50 — 200 nm) that are most promising for drug delivery applications.®*" Three diBCP
nanofiber systems were studied; PFTMCis-b-PNIPAM4zs, PFTMC19-b-PEG275, and
PFTMCyg-b-PEGs30. The nanofibers were preformed via the living CDSA seeded growth
method and subsequently loaded with NR via the PNSL method and purified by filtration.
The resulting solution of loaded nanofibers remained colloidally stable for up to 6 months,
and for at least 48 h under metabolic enzymatic conditions.

Fluorescence spectroscopy analysis revealed that both the composition and the
length of the corona-forming blocks of PFTMC1s.19-based diBCP nanofibers (PNIPAMazs,
PEG275, PEGs30) do not significantly influence the quantity of NR loaded. On average the
preformed diBCP nanofibers can load ca. 250 ng of NR per mg of polymer. The NR
fluorescent emission (Amax = 627 — 639 nm) on the three loaded diBCP nanofiber systems
indicates that the NR localizes at the core-corona interface, where unfavorable interactions
between the hydrophobic NR and water molecules are minimized. Furthermore, the
fluorescent emission of NR in diBCP nanofibers (Amax = 627 — 639 nm) is significantly red-
shifted compared to that encapsulated in the outer amorphous core of triBCP nanofibers
(Amax = 610 nm) owing to the more polar environment in the former case.*? In line with the
above, the surface area available for cargo loading was essentially identical for the three

diBCP nanofiber systems, as the PFTMC DP, was kept constant (DP, = 18-19) and the
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core radii were similar. This highlighted the good agreement between the quantity of cargo
loaded by the three nanofiber systems used in this work and the proposed loading
mechanism onto preformed nanofibers, where cargo is believed to accumulate at the core-
corona interface and seems directly related to the surface area of the crystalline-core of
diBCP nanofibers.

Prior to this work, the only example of length-controlled, non-covalently loaded
polymeric nanofibers was achieved via a triBCP coaxial-core nanofiber approach reported
by our group.*? The amount of cargo loaded by the diBCP nanofibers studied in the present
work is ca. two to three times smaller than the quantity reported for coaxial-core nanofibers.
However, diBCP nanofibers are simpler to prepare. Furthermore, optimization of
hydrophobic cargo uptake by diBCP nanofibers should be achievable by increasing the DPy
of the core-forming block which should increase the radius and therefore the surface area
of the hydrophobic nanofiber core. Relevant studies are the subject of current work in our
group. In the future, we envisage that either a diBCP or a triBCP coaxial-core nanofiber
system could be selected based on the loading requirements related to the potency of a drug
or the solubility requirements of a nanofiber-based therapeutic. We are also exploring the
development of nanofibers for therapeutic applications with spatially-defined functionality

for tracking and targeting purposes.3!
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3.5 Supporting Information
3.5.1 General Considerations and Instrumentation

Methoxy PEGs were purchased from Polymer Source. FTMC was synthesized
according to the procedure reported by Finnegan et al.*® Synthesis of 2-cyano-5-
hydroxypentan-2-yl ethyl carbonotrithioate was prepared according to the procedure
reported by Arno et al.?° The PEGs and RAFT-CTAs were dried via vacuum desiccation
over phosphorus pentoxide prior to use. All other reagents and solvents were purchased
from Sigma-Aldrich (Canada), Combi-Blocks (USA), VWR (Canada), or Fisher Scientific
(Canada) and used as received unless otherwise noted. Solvents for self-assembly were of
HPLC grade and were filtered through PTFE, nylon, or cellulose membranes with a pore
size of 200 nm before use. All reactions were carried out in an MBraun 200B glove box
under a nitrogen atmosphere or using standard Schlenk line techniques. RAFT
polymerizations were performed in custom-made schlenk-vials to fit dry heating blocks.
1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU) was dried over CaH., and purified by
distillation under reduced pressure. Anhydrous solvents were dried and purified using an
MBraun Grubbs/Dow solvent purification system.*°

Ultrasonication

Micelle sonication was carried out using a Fisherbrand 112xx series advanced
ultrasonic cleaner (FB-11203). The instrument was operated in sweep mode at 80% power

and 37 MHz at 10 °C.
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NMR Spectroscopy

'H NMR spectra were obtained using a Bruker 500 MHz spectrometer with CD2Cl,
(*H NMR: § = 5.32 ppm), or DMSO-ds (*H NMR: § = 2.50 ppm) as the solvents. Chemical
shifts are quoted in parts per million, with spectra referenced to the residual solvent peak.
Multiplicities are abbreviated as brs (broad singlet), s (singlet), d (doublet), t (triplet), q
(quartet), p (pentet), m (multiplet) and app. (apparent) or combinations thereof.

Gel permeation chromatography (GPC)

GPC was conducted on a Malvern OMNISEC chromatograph equipped with a
refractive index (RI), UV/Vis photodiode detector array, light scattering detector and
viscometer. Triethylamine/THF (1% v/v ) was used as the eluent, with the flow rate set at
1 mL/min. The columns used were grade T3000, followed by T5000 (Viscotek) at a
constant temperature of 35 °C. The calibration (universal) of the RI detector was carried
out using polystyrene standards (Viscotek). Samples were prepared at 1 mg/mL in eluent
and filtered through a polytetrafluorethylene membrane filter, pore size = 0.2 um.

Matrix-assisted laser desorption/ionization-time of flight mass spectrometry
(MALDI-TOF MS)

MALDI-TOF MS measurements performed using a Bruker Ultraflextreme running
in linear mode. Samples were prepared using a trans-2-[3-(4-tert-butylphenyl)-2-methyl-
2-propenylidene]malononitrile matrix (20 mg/mL in THF) and the polymer sample (2
mg/mL in THF), mixed in a 10:1 (v/v) ratio. Approximately 3 pL of the mixed solution

was deposited onto a stainless-steel sample plate and allowed to air dry.
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Transmission electron microscopy (TEM)

TEM images were obtained on a JEOL 1011 microscope with an 11 Megapixel
CCD camera, operated at 80 kV. Samples were prepared by drop-casting 7.5 pL of the
micelle solution onto a carbon-coated copper grid, followed by drop-casting 10 pL of
uranyl acetate in EtOH (3 wt %). Sample concentrations for TEM analysis were either 0.5
or 0.1 mg/mL based on nanofiber concentration. Copper grids (400 mesh) were purchased
from Ted Pella, and carbon films (ca. 6 nm) were prepared on mica sheets by carbon
sputtering with a Leica ACE 600 carbon coater. The carbon films were deposited onto the
copper grids by floatation on water and the carbon-coated grids were allowed to dry in air.

For micelle contour length analysis, a minimum of 150 nanofibers in several images
were traced manually using the ImageJ software package developed at the US National
Institute of Health. The number average micelle length (L) or width (W,) and weight
average micelle length (Lw) were calculated using eq. S1-2 from measurements of the
contour lengths (Li) of individual micelles, where Ni is the number of micelles of length
Li, and n is the number of micelles examined in each sample. The distribution of micelle

lengths is characterized by H = Lw/Ln.

Xit, NiLi
L, = Si=1"171
n

2
— L = ?:1 N;Ly
YN w

= s (Ba.52.12)
Spectroscopic Experiments
UV-Vis spectra were recorded at 25°C by using a Biotek Cytation 5 multimode
plate reader or a PTI QM40 fluorometer.
Biotek Cytation 5 multimode plate reader. Fluorescence measurements (0.1 mL of

sample) were obtained with the Biotek Cytation 5 multimode plate reader and were

conducted at 25°C in a Costar 96-well plate (clear bottom, black sides, and with the lid).
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The samples were excited at 540 nm and the emission was recorded from 570 — 700 nm.
The bottom optics was used with a gain of 100 (a.u.). To determine the excitation
wavelength to use, excitation scans were recorded with the emission detected at 665 nm,
with excitation wavelengths scanned from 400 - 650 nm. The emission of NR from the
loaded nanofibers was studied in H>O and in MeOH. Analysis of the NR content in the
nanofibers was determined by measuring the fluorescence of NR in MeOH or H,0 after
the PNSL process, and compared against a calibration curve (Figure S3. 17A-B). The
loaded nanofibers or non-encapsulated NR in water, were freeze dried and resuspended in
MeOH (0.9 mL) for spectroscopic analysis (Figure S3. 15, 16, 19).

PTI QM40 fluorometer. Fluorescence measurements (1 mL of sample) were
obtained by using a PTI QM40 fluorometer at 25°C in a quartz glass cuvette (PCS8501
type, 10.0 mm light path). The slits were set to 2 nm bandpass. All measurements were
corrected for the fluctuations of the lamp intensity and transmission of the optics. The
samples were excited at 540 nm and the emission was recorded from 570 - 700 nm To
determine the excitation wavelength to use, excitation scans were recorded with the
emission detected at 665 nm, with excitation wavelengths scanned from 400 - 650 nm. The
emission of NR from the loaded nanofibers was studied in H.O and in MeOH. Analysis of
the NR content in the nanofibers was determined by measuring the fluorescence of NR in
MeOH or H>O after the PNSL process, and analyzed against a calibration curve (Figure
S3. 19B-C). The loaded nanofibers in water, were freeze dried and resuspended in MeOH

(1.5 mL) for spectroscopic analysis (Figure S3. 19A).
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Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) experiments were carried out using a Zetasizer Pro.
Samples of different polymer concentrations were prepared in filtered solvents by passing
through a 0.45 pum membrane filter into an optical quartz glass cuvette (PCS8501 type,
10.0 mm light path). The correlation function was acquired in real time and analyzed with
a function capable of modelling multiple exponentials (Cumulant analysis). This process
enabled the diffusion coefficients for the component particles to be extracted, and these
were subsequently expressed as the intensity weighted mean hydrodynamic size (Rn) by
using the Stokes-Einstein relationship for coated spheres in THF (Refractive Index = 1.41,
Dispersant Viscosity = 0.455, Dispersant Dielectric Constant = 7.5), or H2O (Refractive
Index = 1.33, Dispersant Viscosity = 0.887, Dispersant Dielectric Constant = 78.5 with

core properties of polystyrene latex (Refractive Index = 1.590, Absorption = 0.010).
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3.5.2 Synthetic Procedures

3.5.2.1 Synthesis of PFTMC1s-CTA

Scheme S3. 1. Synthesis of PFTMC1-CTA by ring-opening polymerization of FTMC.
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To a solution of 2-cyano-5-hydroxypentan-2-yl ethyl carbonotrithioate?® in
anhydrous CH2Cl> (500 pL, 100 mg/mL, 0.2 mmol, 1.0 eq), DBU (24 pL, 24.4 mg, 0.16
mmol, 0.8 eq) was added in an oven-dried round bottom flask equipped with a magnetic
stirring bar. To the stirring solution, FTMC (1.01 g, 4.0 mmol, 20 eq) in anhydrous CH.Cl,
(6 mL) was added, and the reaction mixture was stirred at room temperature for 1 h, before
the reaction mixture was quenched by the addition of benzoic acid (100 mg). The crude
product was purified by precipitation into ice-cold diethyl ether three times, followed by
precipitation into ice-cold MeOH three times, and drying in vacuo to yield PFTMC1s-CTA
as a yellow solid (1.0 g, 95%).

MALDI-TOF MS [M]* found: 4729.3, DPy: 18.

GPC: Mn =4,800, bm = 1.17.
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I CN §
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SAALE
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IH NMR (500 MHz, CD:Cly) & 7.78 — 7.69 (36H, m, Hi), 7.61 — 7.47 (36H, m, Hi),
7.44 —7.34 (36H, m, Hi), 7.32 — 7.19 (36H, m, Hi), 4.50 — 4.27 (70H, m, Hh), 4.07 (2H, t,
J=5.2 Hz, Hg), 3.70 (2H, d, J = 6.4 Hz, Hf), 3.31 (2H, dd, J = 7.4 Hz, He), 2.22 — 2.13

(1H, m, Hd), 2.06 — 1.98 (1H, m, Hd), 1.87 (2H, h, Hc), 1.80 (3H, s, Hb), 1.31 (3H, t, J =
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7.4 Hz, Ha). The 'H ratio of g/f indicates the CTA capping efficiency. *H integration is

based on ‘f* (HOCHy).

3.5.2.2 Synthesis of PFTMCis-b-PNIPAM42s5

Scheme S3. 2. Synthesis of PFTMC1g-b-PNIPAM42s by RAFT polymerization.
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PFTMC1s-CTA (50 mg, 0.004 mmol, 1 eq), N-isopropylacrylamide (192 mg, 1.7
mmol, 400 eq), and AIBN (0.2 mg, 0.001 mmol, 0.3 eq) were dissolved in dioxane (4 mL)
in a custom-made schlenk-vial followed by four freeze-pump-thaw cycles. The vial with
the reaction mixture was placed in a preheated dry heating block and heated to 70 °C for
18 h. The reaction was quenched by submersion in liquid nitrogen. The product was
precipitated three times in ice-cold diethyl ether. The product was dried in vacuo to yield
PFTMC-b-PNIPAM as a white-yellow solid. GPC analysis indicated the presence of
PFTMC homopolymer (as evidenced by a lower M, shoulder with increased absorbance at
268 nm via UV/Vis). The PFTMC homopolymer was removed via flash chromatography
(hexane/ethyl acetate, 40:60 to ethyl acetate, then CH2Cl2:MeOH:H20, 65:35:2 to elute the
diblock copolymer). The residual silica-gel was removed via dissolution in THF (50 mL),
followed by centrifugation (4500 rpm, 10 mins) and decantation five times. The resulting
polymer was dried and precipitated in ice-cold diethyl ether to yield PFTMCis-b-
PNIPAM425 as a white-yellow solid (175 mg, 91%).

GPC: M, = 31,800, bm = 1.76. This value is likely overestimated due to GPC

column absorption effects (see main text).
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ST
4

'H NMR (500 MHz, DMSO-ds) & 7.99 — 6.72 (556H, m, Ha + Hd), 4.44 — 4.17
(70H, m, Hc), 4.06 — 3.58 (425H, m, Hb), 2.43 — 0.67 (m, 3735H, He + Hf + Hg). H
integration is based on ‘¢’ (OCH:C) from the PFTMC, matching the value on the

homopolymer.

3.5.2.3 Synthesis of PFTMC19-b-PEG275

Scheme S3. 3. Synthesis of PFTMC19-b-PEG275 by organocatalytic ring-opening polymerization.
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PEG275 (500 mg, 0.04 mmol, 1 eq) and DBU (5.2 pL, 5.3 mg, 0.03 mmol, 0.8 eq)
were dissolved in the minimum volume of anhydrous CH2CI; in a round bottom flask
equipped with a magnetic stirring bar. To the stirring solution, FTMC (219 mg, 0.87 mmol,
20 eq) in anhydrous CH2Cl> (1.5 mL) was added, and the reaction mixture was stirred at
room temperature for 3 h, before the reaction mixture was quenched by the addition of
benzoic acid (20 mg). The crude product was purified by precipitation into ice-cold diethyl
ether three times. The resulting solid was dried in vacuo to yield PFTMC19-PEG375 as a
white solid (689 mg, 96%).

GPC: Mn = 15,200, bwm = 1.07.
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- =19

'H NMR (500 MHz, CD2Cl,) & 7.84 — 7.68 (38H, m, Hd), 7.63 — 7.47 (38H, m,
Hd), 7.46 — 7.32 (38H, m, Hd), 7.32 — 7.20 (38H, m, Hd), 4.47 — 4.17 (76H, m, Hc), 3.77
—3.42 (1102H, m, Hb), 3.34 (3H, s, Ha). 'H integration is based on ‘a’ (CH,OCHg) from

the terminal methyl group of the PEG.

3.5.2.4 Synthesis of PFTMCis-b-PEGs3o

Scheme S3. 4. Synthesis of PFTMC18-b-PEG530 by organocatalytic ring-opening polymerization.
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PEGs30 (500 mg, 0.02 mmol, 1 eq) and DBU (2.9 pL, 2.9 mg, 0.02 mmol, 0.8 eq)
were dissolved in the minimum volume of anhydrous CH.Cl in a round bottom flask
equipped with a magnetic stirring bar. To the stirring solution, FTMC (122 mg, 0.49 mmol,
20 eq) in anhydrous CH2Cl> (1 mL) was added, and the reaction mixture was stirred at
room temperature for 3 h, before the reaction mixture was quenched by the addition of
benzoic acid (10 mg). The crude product was purified by precipitation into ice-cold diethyl
ether three times and dried in vacuo (515 mg, 83%). 300 mg of the collected white solid
was then dissolved in 20 mL of THF in a 50 mL centrifuge with a stir bar. 10 mL of hexane
was added to the stirring solution and centrifuged. To the supernatant an extra 6 mL of
hexanes was added, stirred, and centrifuged. The resulting solid was dried in vacuo to yield

PFTMC1s-PEGs30 as a white solid (210 mg, 70%).
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GPC: Mn = 26,600, bm = 1.14.

o [ 0]
o odl+—0 OL%P\‘],UR

c C C h's30 @

oo

- =17

'H NMR (500 MHz, CD,Cl,) & 7.84 — 7.68 (37H, m, Hd), 7.63 — 7.47 (37H, m,
Hd), 7.46 — 7.32 (38H, m, Hd), 7.32 — 7.20 (37H, m, Hd), 4.47 — 4.17 (73H, m, Hc), 3.77
—3.42 (2120H, m, Hb), 3.34 (3H, s, Ha). 'H integration is based on ‘a’ (CH,OCHg) from

the terminal methyl group of the PEG.
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3.5.3 Self-Assembly Procedures

Composition of all solvents given in viv

Self-nucleation of PFTMCis-b-PNIPAMuzs. PFTMC1g-b-PNIPAM42s (8 mg)
were placed in a vial, followed by addition of a mixture of 15:85 THF:MeOH (4 mL). The
resulting solution (2 mg/mL in 15:85 THF:MeOH) was manually shaken for ~15 s and
annealed for 3 h at 75 °C. The solution was cooled to 20 °C over 3 h, and aged for 48 h.
The resulting solution contained morphologically pure nanofibers with disperse lengths, as
analyzed via TEM.

Preparation of PFTMCis-b-PNIPAMas2s seed nanofibers. PFTMCays-b-
PNIPAMa2s disperse nanofibers (4 mL, 2 mg/mL, in 15:85 THF:MeOH) were fragmented
by ultrasonication for 3 h at 0 °C. The resulting seed nanofibers were analyzed by TEM
(Lh=46nm, b =1.17, 6 =19 nm).

Preparation PFTMCis-b-PNIPAMa2s nanofibers of controlled length and low
dispersity by seeded growth (living CDSA). For seeded growth assemblies with
Munimer/Mseed < 10: aliquots of PFTMCis-b-PNIPAM42s unimer (10 mg/mL in THF),
equivalent to corresponding Munimer/Mseed, Were added to diluted seed nanofiber solutions in
MeOH (200 pL). The self-assembly solutions in MeOH (0.1 mg/mL, THF content: 10 —
20% in MeOH) were manually shaken for ~15 s and aged for 48 h at 20 °C.

For seeded growth assemblies with Munimer/Mseed 20, 30, and 40: aliquots of
PFTMCus-b-PNIPAM42s unimer (10 mg/mL in THF), equivalent to corresponding
Munimer/Mseed, Were added to diluted seed nanofiber solution in MeOH (100 pL). The unimer
was added in intervals of 10 Munimer/Mseed €vVery 24 h. The self-assembly solutions (0.1

mg/mL, THF/MeOH 10:90) were manually shaken for ~15 s and aged 48 h at 20 °C.
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Preparation of 125 nm PFTMCis-b-PNIPAM42s nanofibers of controlled
length and low dispersity by seeded growth (living CDSA). To a diluted seed solution
(Lh = 46 nm, P=1.17, 6=19nm, 2mL, 0.615 mg/mL, in MeOH), PFTMCs-b-
PNIPAMa2s unimer (10 mg/mL in THF, Munimer/Mseed €quivalent to 1.7) was added in two
portions (2 x 104.5 L), 24 h apart. The self-assembly solution (~2.2 mL, 1.5 mg/mL,
THF:MeOH 12:88) was manually shaken for ~15 s after each addition, and then aged for
48 h at 20 °C. The resulting nanofibers were analyzed by TEM (L, =127 nm, B = 1.03, ¢
=22 nm).

Preparation of 125 nm PFTMCa9-b-PEG27s nanofibers of controlled length and
low dispersity by seeded growth (living CDSA). To a diluted seed solution (L, = 30 nm,
D =122, 6=14nm, 2.7 mL, 0.414 mg/mL, in MeOH), PFTMC19-b-PEG275 unimer (10
mg/mL in THF, Munimer/Mseed €quivalent to 3.1) was added in two portions (2 x 173.3 pL),
24 h apart. The self-assembly solution (~3.05 mL, 1.5 mg/mL, THF:MeOH 15:85) was
manually shaken for ~15 s after each addition, and then aged for 48 h at 20 °C. The resulting
nanofibers were analyzed by TEM (L, = 127 nm, B = 1.06, o = 32 nm).

Preparation of 125 nm PFTMCas-b-PEGsso nanofibers of controlled length and
low dispersity by seeded growth (living CDSA). To a diluted seed solution (L, = 32 nm,
D =125 06=16nm, 2.7 mL, 0.435 mg/mL, in MeOH), PFTMCs-b-PEGs30 unimer (10
mg/mL in THF, Munimer/Mseed €quivalent to 2.9) was added in two portions (2 x 189 uL), 24
h apart. The self-assembly solution (~3.05 mL, 1.5 mg/mL, THF:MeOH 15:85) was
manually shaken for ~15 s after each addition, and then aged for 48 h at 20 °C. The resulting

nanofibers were analyzed by TEM (L, = 114 nm, B = 1.06, o = 28 nm).
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3.5.4 Nile Red (NR) Loading Procedures

Preparation of low dispersity nanofibers loaded with NR. Vials containing
either of the three diBCP nanofiber solutions of a given length (i.e. 125 or 114 nm
nanofibers) were prepared by adding THF, MeOH and NR to obtain final solutions
containing nanofibers (0.1 mg/mL) and NR (10, 1, 0.1, or 0.01 w/w) in MeOH:THF (15:85,
0.9 — 2 mL). The resulting solutions were placed in an orbital shaker (300 rpm), and H20
(same volume as prepared nanofiber solution e.g. 0.9 mL) was infused into the vials via
syringe pump at a rate of 100 uL/min. The vials were left uncapped but protected from
light in the orbital shaker for 12 h, before residual organic solvent was evaporated by gently
blowing air for 30 min. Finally, the solutions were passed through a Nylon syringe-filter
(0.45 pm pore size) and made up to a final volume in H20 equal to the originally prepared
nanofiber solution (e.g. 0.9 mL, as measured by weight, using the density of water). For
quantification of the loaded NR, analysis of aliquots of the loaded nanofibers in H>O (0.2
or 1 mL) were freeze dried and resuspended in MeOH to an equal volume of the aliquot
taken in MeOH (e.g. 0.45 or 1 mL).

Control experiments with NR. Control experiments to investigate NR removal
via filtration were carried out with by transferring the NR (equivalent to 1 wt %) to H.O
via the PNSL method, followed by a gentle flow of air (30 min). Samples with and without
filtration through a Nylon syringe-filter (0.45 um pore size) were made up to a final volume
in H20 equal to the originally prepared solution (as measured by weight, using the density
of water). For spectroscopic analysis, 1 mL of the resulting solutions were freeze-dried and

resuspended in MeOH (1 mL).
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3.5.5 Supplementary Tables

Table S3. 1. Summary of molecular weight data for PFTMC1g-CTA, PFTMC1g-b-PNIPAM425, PFTMC19-b-
PEG275 and PFTMC1g-b-PEGs30 polymers.

M, (g/mol) Mw (g/mol) DP, MALDI-
Polymer Dm GPC | DP, NMR
GPC GPC TOF
PFTMCn 4,800 5,600 1.17 m =18 18
PFTMCis-b-PNIPAM 31,800 55,900 1.76 n=425 -
0=19
PFTMC,-b-PEG 15,200 16,200 1.07 -
p =275
g=18
PFTMC.-b-PEG 26,600 30,300 1.14 530 -
r=

Table S3. 2. Statistical analysis of contour length measurements for PFTMCis-b-PNIPAM4zs diBCP
nanofibers prepared via seeded growth at 20 °C, in DMSQO:MeOH solvent mixtures (DMSO = 10 — 20%),
measured via TEM. The number of nanofibers measured is represented by n, and o represents the standard
deviation of the measured length, and Li/eq corresponds to the L, of the nanofibers per mass equivalent of
triBCP in the sample.

Munimer/Mseed

Length
Seeds 2.5 2.52 5 10 20 30 40 402
n 172 156 153 158 193 150 151 150 155
Ly (nm) 46 163 165 278 455 787 1222 1729 1798
Lw (nm) 54 171 174 296 482 837 1270 1814 1837
D 1.17 1.04 1.05 1.06 1.06 1.06 1.04 1.04 1.02

Ln/eq (nm) 46 47 47 46 42 38 40 42 44

o (nm) 19 36 36 71 106 198 243 385 267
o/Ln 0.41 0.22 0.22 0.26 0.23 0.25 0.20 0.22 0.16

2 Measured 12 months after the sample was originally prepared.
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3.5.6 Supplementary Figures
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Figure S3. 1. MALDI-TOF MS spectra of PFTMCgs. The red square represents the area expanded in B.. RP:
repeating unit. Reproduced from ref 4
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Figure S3. 2. *H NMR spectra (in CD2Cl,) of PFTMC1s-CTA. Reproduced from ref 42,
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Figure S3. 3. GPC (refractive index) traces of in triethylamine/THF (1% v/v) 1 mL min®, at 35 °C of
PFTMC,s homopolymer capped with the CTA (black trace, 1 mg/mL), PFTMC1g-b-PNIPAM425 diBCP
before (blue trace, 1 mg/mL), and after flash column chromatography (red trace, 1 mg/mL). The y-axis
reflects the distribution of weight fractions by molecular weight. The GPC trace of the diBCP was unchanged
when a lower concentration was used (0.25 mg/mL).
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Figure S3. 4. 'H NMR spectra (in DMSO-ds) of purified PFTMC1s-b-PNIPAM42s. Reproduced from ref 4.
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Figure S3. 5. *H NMR spectra (in CD2Cl,) of PFTMC19-b-PEGg7s.
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Figure S3. 6. GPC (refractive index) traces eluted in triethylamine/THF (1% v/v), 1 mL/min, at 35 °C of
PEG275 homopolymer (black trace, 1 mg/mL), PFTMC1g-b-PEG275 diBCP (blue trace, 1 mg/mL). The y-axis
reflects the distribution of weight fractions by molecular weight.
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Figure S3. 7. *H NMR spectra (in CD2Cly) of PFTMCs-b-PEGs30. Reproduced from ref 42,
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Figure S3. 8. GPC (refractive index) traces eluted in triethylamine/THF (1% v/v), 1 mL/min, at 35 °C of
PEGs30 homopolymer (black trace, 1 mg/mL), PFTMC1g-b-PEGs30 diBCP (blue trace, 1 mg/ mL). The y-axis
reflects the distribution of weight fractions by molecular weight.
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Figure S3. 9. DLS of the PFTMCg-b-PNIPAM4os diBCP in tetrahydrofuran (THF); Rn; = 9.3 nm,
0=2.22nm.
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Living CDSA
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Figure S3. 10. A) Schematic representation of the generation of low-dispersity nanofibers made from
PFTMCis-b-PNIPAM42s. B-C) TEM micrographs of nanofibers prepared via Living CDSA at various
Mynimer/Mseeq ratios added to solutions of seed nanofibers. Munimer/Mseed = B) 2.5:1 C) 40:1.
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Figure S3. 11. TEM micrographs of nanofibers prepared through seeded-growth after 12 months of the
addition of unimer in THF to nanofiber seed solutions (L, = 46 nm, # =1.17, 6 =19 nm, in THF:MeOH
15:85 v/v) at: A) 2.5:1 Munimer/Mseed Fatio (Ln = 167 nm, P = 1.05, ¢ = 37 nm), and B) 40:1 Mynimer/Mseeq ratio
(L,=1798 nm D = 1.02, o = 267 nm). C) Contour length histograms of the nanofibers in A (red) and B (blue).
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A Unimer Disperse nanofibers Low dispersity nanofibers

PFTMClg'b‘PEGZ75

Figure S3. 12. A) Schematic representation of the generation of low dispersity PFTMC19-b-PEGy75
nanofibers through the living CDSA method. B) TEM of disperse PFTMCi9-b-PEG75 nanofibers
(2.5 mg/mL) prepared in THF:MeOH (15:85 v/v), after annealing at 70 °C for 3 h, and aged for 48 h. C) TEM
of seed nanofibers (L, = 30 nm, P = 1.22, ¢ = 14 nm) prepared through sonication of the disperse nanofibers
(from B, in THF:MeOH) for 3h at 0 °C. D) TEM micrograph of low dispersity nanofibers (L, = 127 nm,
D =1.06, ¢ =32 nm) prepared through seeded-growth by addition of unimer in THF to the nanofiber seed

A Unimer Disperse nanofibers
PFTMC,¢-b-PEGs3, w
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Figure S3. 13. A) Schematic representation of the generation of low dispersity PFTMC1g-b-PEGs30
nanofibers through the living CDSA method. B) TEM of disperse PFTMCis-b-PEGs3, nanofibers
(1.5 mg/mL) prepared in THF:MeOH (15:85 v/v), after annealing at 70 °C for 3 h, and aged for 48 h. C) TEM
of seed nanofibers (L, =32 nm, b = 1.25, ¢ = 16 nm) prepared through sonication of the disperse nanofibers
(from B, in THF:MeQOH) for 3h at 0 °C. D) TEM micrograph of low dispersity nanofibers (L, = 114 nm,
D =1.06, 0 =28 nm) prepared through seeded-growth by addition of unimer in THF to the nanofiber seed

solution at: 3.1:1 Mynimer/Mseeq ratio.

187



Chapter 3

A B 100 ' . .
z — PFTMC 45-b-PNIPAM 425
‘ > — PFTMC1g-b-PEGo7s
g 0.754 — PFTMC3-b-PEGs3q
9
e
® 0501
N
T
E
(=] ]
2025
0.00 : : . : .
1 10 100 1000 10000 100000 1000000
Rz (d.nm)
c ~~
£
C
o 1500
[o)]
o
[
>
©
N 1000+
[0
N
7]
9
£ 500
C
>
o
o
kel
£ 0

K O R0 QX Q0 X 0 Q0 0
2(,(\&;62 DO PO R0 S P
eQX

Figure S3. 14. A) Digital images of the vials containing loaded (via PNSL, NR 1 wt %) and filtered
nanofibers in water after 6 months. The image shows clear aqueous solutions with no signs of precipitation
by the nanofibers at the bottom of the vials, the dark objects in each vial result from the lids at the top of the
vials. The vials were placed in a well-plate and the images were recorded from the bottom; PFTMCg-b-
PNIPAMyzs (1% column), PFTMCie-b-PEG,75 (2™ column), and PFTMCis-b-PEGs3o (3™ column). B) DLS
analysis after 6 months of the nanofibers loaded at 1 wt % of NR in H,O; PFTMC1g-b-PNIPAMuzs (R, = 127
nm, P = 1.19, green trace. Lngoaded) = 116 nm by TEM), PFTMC19-b-PEG275 (Rn, = 136 nm, D = 1.21, pink
trace. Lngioadedy = 133 nm by TEM), and PFTMC1s-b-PEGs3 (Rn, = 108 nm, D = 1.29, dark trace. Lngoaded) =
125 nm by TEM). C) Time-dependant microsome degradation assay of PFTMC19-b-PEG275 hanofibers (1uM,
Ln = 127 nm by TEM Figure 3. 3E) measured by DLS at 37 °C in phosphate buffer (1 mL) supplemented
with microsomes (from liver, pooled, rat (Sprague-Dawley), 0.5 mg/mL) and Coenzyme Il reduced
tetrasodium salt (NADPH, 1 mM). The PFTMC9-b-PEG275 nanofibers remained stable for up to 48 h. The
hydrodynamic radius of the nanofibers was ca. two times larger in PBS (Rn; = 250 nm) than in H20 (Rn; =
136 nm, Figure S3. 14B), this may arise from a difference in the ionic strength of the medium or the viscosity
of the media.>® The distinct Ry, value of microsomes was removed from the chart. NF: PFTMC19-b-PEGy75
nanofibers; Mic: microsomes; NADPH: Coenzyme Il reduced tetrasodium salt. D) TEM micrograph of the
solution containing the nanofibers under enzymatic conditions after 120 h (5 days). The sphere-like
aggregates may correspond to PFTMC fractions that will likely aggregate in aqueous media. The dark ill-
defined aggregates interact well with the staining solution (in EtOH) suggesting the presence of PEG
homopolymer or PEG-microsome aggregates.
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Figure S3. 15. Emission spectra (in MeOH) of the PFTMC1s-b-PNIPAMu2s5 (Ly = 127 nm, B =1.03, 0 = 22
nm) preformed nanofibers loaded with NR via PNSL at different concentrations, followed by filtration: A)
10 wt %, B) 5 wt %, C) 1 wt %, D) 0.5 wt %, and E) 0.1 wt %. Each experiment was conducted in triplicate.

Aex = 540 nm.
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Figure S3. 16. Emission spectra (in MeOH) of the PFTMC19-b- PEG275 (Ln = 127 nm, P = 1.06, ¢ = 32 nm)
preformed nanofibers loaded with NR via PNSL at different concentrations, followed by filtration: A) 10
wt %, B) 5wt %, C) 1 wt %, D) 0.5 wt %, and E) 0.1 wt %. Each experiment was conducted in triplicate. Aex
=540 nm.
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Figure S3. 17. A) Emission data for NR at different concentrations (in MeOH). This was used to prepare the
calibration curve in B. The emission intensity for the calibration curves was recorded with Lex = 540 nm. B)
Calibration curve of A. The equation of the line and the coefficient of determination for the calibration curve
at Aex-max = 640 nm is as follows: y = 146.1 + 2.19x10*x; r> = 0.9997. The equation was used to quantify the
loading of NR in the nanofibers from the Figure S3. 15, 16.
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Figure S3. 18. Loading properties of L, = 127 nm nanofibers made from PFTMC1g-b-PNIPAMa2s (P = 1.03,
o =22 nm, Figure 3. 3B), and PFTMC19-b-PEG275 (D = 1.06, o = 32 nm, Figure 3. 3E) with different initial
quantities of NR (1 — 10 wt %) used in the loading process; A) Nile Red loaded in ng per mg of diBCP. A)
Emission intensity, and B) Loading Capacity (LC %) of diBCP nanofibers. The EE % (in Figure 3. 3l, 4D)
and LC % were calculated as follows: EE % = (mass of drug added — mass of non-encapsulated drug)/(mass
of drug added) %100, e.g. 127 nm PFTMC19-b-PEG275 nanofibers loaded at 1 wt %; EE % = (900 ng — 873
ng)/(900 ng)x100=3.0%, and LC % = (mass of encapsulated drug)/(mass of nanofibers)x100, e.g. 127 nm
PFTMC19-b-PEG,75 nanofibers loaded at 1 wt %; LC % = (27 ng)/(90,000 ng)x100 = 0.03%.
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Figure S3. 19. Validating syringe-filtration as a purification process to remove nonbounded NR. Emission
of NR at 1 pg/mL after transfer to via the PNSL method, freeze-drying, and resuspension in MeOH for
spectroscopic analysis (blue line), and emission of NR at 1 pug/mL after transfer to water via the PNSL method
with filtration, freeze-drying, and resuspension in MeOH for spectroscopic analysis (red line).
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Figure S3. 20. A) Emission spectra (in MeOH) of the PFTMC1s-b-PEGs30 (Ln = 114 nm, P = 1.06, o = 28
nm) preformed nanofibers loaded with NR via PNSL at 1 wt % NR, followed by filtration. B) Emission of
NR at different concentrations (in MeOH) to prepare the calibration curve in C. The emission intensity for
the calibration curves was recorded at Aex = 540 nm. C) Calibration curve of B. The equation of the line and
the coefficient of determination for the calibration curve at Aex-max = 640 The equation of the line and the
coefficient of determination for the calibration curve at Aex-max = 640 nm is as follows: B) y = 146.1 + 2.19x10*
X; r2 = 0.9997. The equation was used to quantify the loading of NR in the nanofibers from A. D) Loading
capacity of PFTMC1g-b-PEGs3o nanofibers loaded at 1 wt % of NR.
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Figure S3. 21. Loaded NR (in ng/mg of polymer) determined by fluorometry of the three diBCP nanofiber
systems utilized in this work (Figure 3. 3H-1, 4D); PFTMCis-b-PNIPAM.zs, PFTMCi9-b-PEG275, and
PFTMCig-b-PEGs30 diBCP. A Welch’s analysis of variance (ANOVA, GraphPad Prism 9, V 9.2.0) test of
the data of this figure indicates that there are no significant differences among the means (p < 0.05).
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Figure S3. 22. Contour width histograms of nanofibers from TEM micrographs of PFTMC1g-b-PNIPAM425
Wh =8.9 nm (b = 1.06, ¢ = 2.1 nm, dark, from Figure 3. 3B), PFTMCa9-b-PEG275 W, = 8.6 nm (b = 1.03,
o =1.5nm, blue, from Figure 3. 3E), and PFTMC1g-b-PEGs3 Wn = 9.8 nm (P = 1.03, o = 1.6 nm, yellow,
from Figure 3. 4A). The nanofibers used for width measurements were cast from 15:85 THF:MeOH. n > 50

number of counted nanofibers.
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Figure S3. 23. Emission spectra of NR loaded (at initial 1 wt %) by PFTMC1s-b-PEGs30 diBCP nanofibers
(0.1 mg/mL) in water.
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4.1 Abstract

Although the formation of spherical micelle networks from the solution self-
assembly of B-A-B triblock copolymers (triBCPs) with solvophobic terminal ‘B’ blocks
has been widely studied, the introduction of intermicellar linkages between fiber-like
micelles are virtually unexplored. Herein, a B-A-B triBCP was used to achieve nanofiber
aggregation via the crystallization of the solvophobic terminal blocks in the cores of
distinct nanofibers that are subsequently linked together via the solvophilic coronal ‘A’
block. The triBCP used in this work, PFTMC14-b-PEGgpo-b-PFTMC14, contains two
crystallizable terminal poly(fluorenetrimethylenecarbonate) (PFTMC) ‘B’ blocks linked
together via a poly(ethylene glycol) (PEG) ‘A’ block. Performing the seeded growth /
living crystallization-driven self-assembly (CDSA, at 20 °C) with the triBCP at low
concentration (2 mg/mL) and with a low fraction of common solvent (10%), led to the
formation of low dispersity flower-like nanofibers with crystalline PFTMC cores and
looped coronal chains of controlled lengths. In contrast, when self-assembly of the triBCP
was conducted at high concentration (> 5 mg/mL) with high common solvent fraction
(20%) at > 70 °C with subsequent cooling to 20 °C, networks of nanofibers were obtained.
Networks were also accessible from preformed nanofibers of controlled length prepared
from PFTMC15-b-PEG2¢5 diBCP via the addition of the triBCP under similar conditions.
Bundling and entanglement of the nanofibers were observed by TEM and AFM.
Macroscopic gels were formed when self-assembly was performed at very high
concentrations (e.g. 20 mg/mL) and common solvent fractions (20%). Upon future

extension to aqueous systems, the nanofiber network formation process would provide a
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route to hierarchical assemblies that are of potential interest as gel-like scaffolds for tissue

engineering as well as other applications.

4.2 Introduction

The fabrication of high precision functional materials with hierarchical order
remains a fundamental challenge for nanoscience.l? Hierarchical assemblies generally
possess distinct characteristic properties compared with their constituent molecular or
nanoparticle building blocks,® enabling their use in a diverse range of applications. For
example, as artificial muscles* and hydrogels,® in nanomedicine,®’ optoelectronics,®® and
for the sequestration of aromatic species.'® The vast majority of self-assembled building
blocks utilize interactions such as charge-transfer,’! solvophobic,'? ion-binding,**3
crystallization,** n—r stacking,®® and covalent bonding.® The use of a combination of
these interactions to prepare hierarchical assemblies has been the subject of many
investigations.’-2

Triblock copolymers (triBCPs) with solvophobic terminal segments have been
extensively used for the non-covalent association of spherical micelles.?% At low
concentrations, but above the critical micelle concentration, the solvophobic terminal
blocks aggregate to form the micelle core of spherical flower-like micelles with a looped
corona, also known as spherical rosettes.?! At higher concentrations, the solvophobic
terminal segments can bridge the spherical flower-like micelles into extended nanoparticle
networks.?! Although polymers have been extensively studied to introduce interparticle
crosslinks between spherical micelles, -2 analogous formation of networks from 1D
cylindrical micelles is virtually unexplored. An early example from Lee and coworkers

describes the formation of supramolecular nanocylinders from a coil-rod-coil low
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molecular weight amphiphile which transition to a nematic gel of reversibly bridged
nanocyclinders on addition of a rod-coil-rod analogue.?> More recently, coordination-
driven hierarchical assembly of 1D micelles has been reported where nanocylinders are
linked via Pd complexation.®® In this paper we describe the formation of networks of
nanofibers driven by the crystallization of the core-forming solvophobic terminal blocks
of a B-A-B triBCP.

A key reason that networks formed from cylindrical micelles remain unexplored
arises from the challenge of preparing morphologically pure fiber-like micelles from the
self-assembly of BCPs with an amorphous core-forming block.®* Recently, BCPs with
crystallizable core-forming block have been shown to provide a general route to 1D
fiber-like micelles via an approach termed crystallization-driven self-assembly (CDSA).
This method has allowed access to nanofibers with a wide variety of different crystalline
core compositions.>*4° This approach involves the use of amphiphilic block copolymers
with a crystallizable core-forming block which directs the self-assembly into morphologies
with low curvature of the core-corona interface and a solvophilic corona-forming block
that provides colloidal solubility.®*3” Moreover, the development of an ambient
temperature seeded-growth method termed living CDSA has enabled length control and
the formation of fiber-like micelle samples with low length dispersity.6341-44 The living
CDSA method has allowed access to a myriad of morphologies in addition to nanofibers,
including 2D platelets as well as segmented and hierarchical assemblies,17:18:525344-51

Previously, we reported the formation of flower-like nanofibers made from B-A-B
triBCPs via CDSA methods (Figure 4. 1A).%>* The triBCP consisted of two crystallizable

poly(ferrocenyldimethylsilane) (PFS) core-forming ‘B’ terminal blocks together with a
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poly(dimethylsiloxane) (PDMS) corona-forming ‘A’ central segment. The seeded-growth
process, living CDSA, yielded uniform flower-like cylindrical micelles of controlled
length. The PDMS corona was found to exclusively exist in a looped conformation, and
the two PFS segments of each copolymer chain participated in the formation of the
crystalline core-forming block of flower-like cylindrical micelles. No evidence of interfiber
bridging by the triBCPs to yield network-like structures was detected in this earlier work
(Figure 4. 1A).>

In this study we have targeted the development of a nanofiber linking strategy
which involves the CDSA of a B-A-B triBCP where the terminal solvophobic and
crystallizable B blocks participate in the formation of the crystalline cores of different
nanofibers. The triBCP selected contains crystallizable
poly(fluorenetrimethylenecarbonate) (PFTMC) terminal blocks. PFTMC BCPs have
previously been shown the form morphologically pure nanofiber assemblies via CDSA
which possess significant potential for biomedical applications.>®® Poly(ethylene glycol)
(PEG) was used as a biocompatible solvophilic central ‘A’ block which was targeted for
the formation of the nanofiber linkages (Figure 4. 1B, ii). We anticipated that the
PFTMC-b-PEG-b-PFTMC triBCP would also self-assemble into flower-like nanofibers
with a crystalline PFTMC core and a looped PEG corona under certain experimental
conditions (e.g., involving reduced triBCP concentration. Figure 4. 1B, i), as observed in
our previous report for related materials.>* This study opens the door to the formation of
hierarchical assemblies of linked nanofibers that may ultimately find applications in the
biomedical field for drug delivery and tissue engineering where noncytotoxic linkers are

required.®’
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Figure 4. 1. Conceptual design of the intermicellar linking of nanofibers via crystallization of B-A-B triBCP.
A) Previous work on the preparation of flower-like nanofibers with PFS-b-PDMS-b-PFS triBCP.% B)
Scheme of the PFTMC14-b-PEGgo-b-PFTMC 14 triBCP structure, and the self-assembly conditions explored
to i) yield flower-like nanofibers or ii) nanofibers with intermicellar linkages driven by crystallization of the
triBCP. Section A has been adapted from reference 5.

4.3 Results and Discussion
4.3.1 Synthesis and Characterization of the PFTMCi4-b-PEGooo-b-PFTMCi4 triBCP

The B-A-B PFTMC-b-PEG-b-PFTMC triBCP was synthesized via the
diazabicyclo[5.4.0Jundec-7-ene (DBU) catalyzed ring-opening polymerization of the
FTMC monomer utilizing diol-PEG as a macroinitiator in dry DCM (Scheme S1). The
diol-PEG was characterized using matrix-assisted laser desorption/ionization-time of flight
(MALDI-TOF) mass spectrometry (Mn = 35,000 g/mol, Figure S4. 1), and gel permeation

chromatography (GPC, Pm = 1.17, polystyrene standards, Figure S4. 2). After the
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polymerization, the triBCP was purified and isolated as a white solid (in a yield of 70%).
The triBCP was characterized via GPC (M, = 32,300, bm = 1.19, Figure S4. 2), and the
degree of polymerization (DPy) of each block was determined by *H NMR integration
using end-group analysis. This data indicated that the structure of the triBCP was
PFTMC14-b-PEGaoo-b-PFTMC14 (Figure S4. 3). A PFTMCis-b-PEGzss diBCP was also
used to prepare nanofibers during our studies and this material was synthesized by
following an analogous, previously reported procedure® (DP, calculated by *H NMR via
end-group analysis. Ma = 13,200, v = 1.16 by GPC, Table S4. 1, Figure S4. 4-5). A
summary of the characterization of the polymers used in this work is presented in Table
S4.1.

4.3.2 Self-Assembly of PFTMCi4-b-PEGooo-b-PFTMC14 TriBCP into Flower-Like

Nanofibers

The solution state self-assembly of the PFTMCis-b-PEGggo-b-PFTMC14 was
initially investigated at conditions under which no linkages between micelles were
expected to occur. These involved a low triBCP concentration and low fraction of common
solvent (10% DMSO in MeOH as selective solvent). Previous work has established that
intermicellar linking is disfavored by decreasing the triBCP polymer concentration,?! and
also that the rate of CDSA is more rapid in poorer solvents for the crystallizable core-
forming block, which suggests that low fractions of common solvent should favor the
formation of discrete rather than linked nanofibers.>® When a solution of the PFTMCaa-b-
PEGogo0-b-PFTMC14triBCP (2 mg/mL) in 10:90 DMSO:MeOH v/v was heated to 70 °C for
3 h, then cooled to 20 °C and aged for 48 h, discrete, long, length-disperse nanofibers
(lengths >3 um, Figure 4. 2A-B) were detected via transmission electron microscopy

(TEM) analysis. The nanofibers presumably possess a looped corona as the absence of
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nanofiber linkages and aggregates by TEM indicated that both terminal PFTMC chains in
each triBCP participate in core formation in the same nanofiber.

Seed nanofibers were prepared by sonication of the long and length-disperse
PFTMC14-b-PEGooo-b-PFTMC14 nanofibers for 3 h, at 15— 20 °C, in 10:90 DMSO:MeOH.
TEM analysis revealed short seed nanofibers of Lneeqy = 25 nm in length (b = 1.12,6=9
nm, Figure 4. 2C). Two different orientations of the seed nanofibers were observed by
TEM, consistent to a rectangular cross-section, the seeds can lay on their largest face or on
their edge® (Figure 4. 2C). The living CDSA method was then used to prepare nanofibers
of controlled dimensions and low length-dispersities. For this, unimeric PFTMC14-b-
PEGogoo-b-PFTMC14 in DMSO (10 mg/mL) was added to diluted nanofiber seed solutions
(Lnseed) = 25 nm, 0.1 mg/mL, in 10:90 DMSO:MeOH mixtures), followed by a 48 h aging
period. By tuning the unimer-to-seed ratio (Munimer/Mseed) from 0:1 to 40:1, length control
of the nanofibers was achieved from Lnseed) = 25 nm (D = 1.12, ¢ = 9 nm) to L, = 806 nm
(P =1.06, 0= 192 nm), as evidenced by TEM (Figure 4. 2D-I, S6). Within error, the

experimental length of the resulting nanofibers is consistent with the predicted length,

Lngheory), GIVEN BY  Luceneory) = (Lngseeay X C ™M fin ) + Luseeay)-» (9. 1) of
unimer added to 25 nm (o = 9 nm) seed solutions and the anticipated linear relationship
between the final length and Mynimer/Mseed ratio was observed (Figure 4. 21-J). The formation
of discrete low-length dispersity nanofibers with controlled dimensions that matched the
predicted nanofiber lengths according to eq. 1 indicated that no significant intermicellar
linking of nanofibers occurs using CDSA at low polymer concentration (2 mg/mL) and

low common solvent fraction (~10% DMSO. Figure 4. 2H, J). A summary of the statistical
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analysis of the contour length measurements of PFTMCi4-b-PEGgoo-b-PFTMCi4
nanofibers prepared via the seeded growth method is presented in Table S4. 2.

To further characterize the discrete nanofibers atomic force microscopy (AFM)
measurements were performed on a low-length dispersity sample prepared via the living
CDSA method (in MeOH, Mynimer/Mseed = 30. Ln = 670 nm, D = 1.05, o = 155 nm, by TEM).
By AFM, the core height and width dimensions of the discrete nanofibers were 7.5 nm
(6=0.5nm) and 25 nm (¢ = 1.2 nm), respectively (Figure S4. 7). These dimensions are in
close agreement with the reported sizes of the PFTMCjs-core of discrete diBCP
nanofibers.> Furthermore, the PFTMC chains are oriented perpendicular to the substrate
with the height value of 7.5 nm corresponding to one-chain fold of PFTMC, (DP, = 18),
in agreement with a previous report.® Significantly, the width and height data is consistent
with the formation of discrete nanofibers without intermicellar linking which would lead
to substantially larger values (see section 4.3.3 ). In combination with the aforementioned
TEM data, this AFM evidence indicates that the terminal PFTMC segments in each triBCP
participate in the core formation of the nanofibers with a looped PEG corona yielding

flower-like nanofibers.
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Figure 4. 2. Preparation of low dispersity flower-like nanofibers of controlled lengths via the Living CDSA
method. A) Schematic representation of the preparation process of low dispersity flower-like nanofibers
prepared from PFTMC14-b-PEGgoo-b-PFTMCa4. B) Disperse nanofibers prepared in DMSO:MeOH (10:90)
via CDSA. C) TEM image of seed nanofibers (25 nm, & = 1.12, ¢ = 9 nm) prepared via the sonication of the
disperse nanofibers in A. D-G) TEM images of the resulting low dispersity flower-like nanofibers prepared
through the seeded-growth method via the addition of PFTMC14-b-PEGggo-b-PFTMC14 unimer in DMSO to
nanofiber seed solutions at Munimver/Mseed ratio of D) 5:1 E) 15:1 F) 30:1 and G) 40:1, respectively. H) nanofiber
length analysis summary. 1) Contour length histograms of the seeds and low-dispersity flower-like
nanofibers. J) Plot of nanofiber average length (Ln) Versus Munimer/Mseed ratio. TEM images were stained with

uranyl acetate (3 wt% in EtOH).
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4.3.3 Effect of the B-A-B TriBCP Concentration and the Fraction of Common Solvent on
Fiber-like Micelle Network Formation

Following the preparation of PFTMCu4-b-PEGgoo-b-PFTMC14 flower-like
nanofibers we attempted to access samples with intermicellar linkages between particles.
For comparison, a sample was prepared via CDSA at identical solvent and experimental
conditions as in Figure 4. 2B, but at a higher triBCP concentration (5 mg/mL). Therefore,
the sample was prepared using a 10:90 DMSO:MeOH v/v solvent mixture, heated to 70 °C
for 3 h, subsequently cooled to 20 °C, and aged for 48 h. Long length-disperse nanofibers
(>3 um) were observed via TEM analysis (Figure 4. 3B). The blue arrows in Figure 4. 3D,
indicate overlapping nanofibers and nanofibers whose ends are in close proximity but not
linked. The red arrow points towards an area where it seems that two nanofibers could be
linked, in contrast to Figure 4. 2B where no similar nanofiber arrangements were found.
Inspection of the vial containing the sample revealed a few macroscopic gel-like aggregates
highlighted in red circles (Figure S4. 8A). Together, the TEM data and the formation of
small gel-like aggregates suggested that a small degree of nanofiber network-formation at
5 mg/mL (10:90 DMSO:MeOH) may be occurring, but further investigations were needed.
These results prompted us to find optimal conditions to achieve nanofiber linking via an

increase of the common solvent fraction.
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Nanofibers with a Small
Degree of Intermicellar Linking
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Figure 4. 3. PFTMCis-b-PEGggo-b-PFTMC14 triBCP concentration dependence on the intermicellar
nanofiber formation process of the flower-like nanofibers. A) Schematic illustration of flower-like nanofibers
with a small degree of intermicellar linking prepared via CDSA). B-C) TEM images of flower-like nanofibers
with a small degree of intermicellar linking 5 mg/mL in DMSO:MeOH 10:90 (v/v).

The small degree of intermicellar linking of the flower-like nanofibers observed at
5 mg/mL with 10% DMSO (Figure 4. 3, SBA) encouraged us to find conditions to achieve
a higher degree of micellar network formation via an increase of the fraction of common
solvent. This would be expected to slow nanofiber formation due to greater unimer
solubility,>® which would be expected to favor the incorporation of the two terminal core-
forming PFTMC blocks in different nanofibers. Therefore, CDSA was performed at the
same ‘high’ triBCP concentration (5 mg/mL, as in Figure 4. 3), but the fraction of common
solvent was increased from 10% to 20% DMSO (80% MeOH, Figure 4. 4). The sample
was prepared by heating to 70 °C for 3 h, subsequently cooled to 20 °C, and aged for 48 h.
TEM analysis of the sample prepared with 20% DMSO revealed the formation of straight
fiber-like aggregates of few um long (Figure 4. 4B-E, S9), with some aggregates displaying

a corkscrew twist. The morphological conformation of the fiber-like aggregates prepared
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at 5 mg/mL and 20% DMSO (Figure 4. 4B-E) contrasts significatively with the appearance
of the discrete flower-like nanofibers and of nanofibers with a small degree of intermicellar
linking observed by TEM (Figure 4. 2B, 3). Contour width analyses (Figure 4. 4F) were
conducted on PFTMC14-b-PEGgo0-b-PFTMC14 intermicellar linked nanofibers (Figure 4.
4B-E, S9) and discrete triBCP flower-like nanofibers (Figure 4. 2B), from TEM
micrographs. The number-average width (W) of the former fiber-like aggregates was Wh
=50 nm (P = 1.18, ¢ = 22 nm), whereas the number-average width of the discrete flower-
like nanofibers was considerably smaller i.e., Wy = 11 nm (P = 1.04, ¢ = 2 nm, Figure 4.
4F). Hence by TEM, the width of the fiber-like aggregates prepared with 20% DMSO
content corresponds to ~five-times the width of discrete triBCP nanofibers implying that
the former can be regarded as nanofiber bundles.

Tapping mode AFM analysis of the triBCP fiber-like aggregates (5 mg/mL, 20:80
DMSO:MeOH) revealed the presence of large linear assemblies (AFM samples diluted to
0.05 mg/mL in MeOH and casted on a silicon wafer. Figure 4. 4G). The AFM profile of
the nanofiber aggregates revealed structures with heights ranging from 40 — 100 nm and
widths larger than 100 nm (Figure 4. 4H). In contrast, the dimensions of discrete flower-
like triBCP nanofibers (2 mg/mL, 10:90 DMSO:MeOH. Figure 4. 2B) were considerably
smaller with heights and widths of 7.5 nm and 25 nm, respectively, via AFM analysis
(Figure S4. 7), consistent with the dimensions of the crystalline PFTMC1g block in diBCP
nanofibers (height = 8.5, and width =25 nm).>>% Furthermore, the formation of
macroscopic gel particles accompanied by a noticeable increase in the viscosity and light

scattering was observed for a sample of the fiber-like aggregates (5 mg/mL, 20% DMSO.
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Figure S4. 8B) when compared to an analogous sample containing only 10% of DMSO
(Figure S4. 8A).

To provide further evidence for the intermicellar linking of nanofibers, dynamic
light scattering (DLS) measurements were conducted on three different length-disperse
nanofiber samples; intermicellar linked PFTMC14-b-PEGgoo-b-PFTMC14 triBCP
nanofibers (5 mg/mL, 20:80 DMSO:MeOH. Figure 4. 4B-E, S9), discrete flower-like
triBCP nanofibers (2 mg/mL, 10:90 DMSO:MeOH. Figure 4. 2B), and PFTMC15-b-PEG26s5
diBCP (5 mg/mL, 20:80 DMSO:MeOH. Figure S4. 10). The nanofiber solutions were
prepared similarly via CDSA by heating to 70 °C for 3 h, then cooled to 20 °C and aged
for 48 h. Analysis of the three samples of length-disperse nanofibers was conducted with
nanofiber solutions diluted in MeOH (0.015 mg/mL, Figure 4. 41). By DLS, the mean
hydrodynamic size (Rn,z) of the intermicellar linked triBCP nanofibers was ca. three-times
larger (Rnz = 706 nm, P = 1.35, green trace) than the hydrodynamic size of both discrete
flower-like nanofibers (Rn; = 225 nm, B = 1.19, pink trace), and diBCP nanofibers
(Rhz =193 nm, D = 1.22, black trace). The DLS trace of the intermicellar linked triBCP
nanofibers (green trace) shows a shoulder towards the lower hydrodynamic size region that
may arise from a small population of nanofibers that do not participate on the linked
network (Figure 4. 41). Taken together, the evidence collected via TEM (including contour
width analysis), AFM, the increase in light scattering and viscosity, the formation of
macroscopic gel particles, and DLS corroborate the formation of intermicellar networks
via the linking of nanofibers formed at high polymer concentration and high common

solvent (Figure 4. 4A-1, S8-9).
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To explore if a higher degree of nanofiber network formation can be achieved, the
concentration of the triBCP was increased from 5 to 20 mg/mL (in 20:80 DMSO:MeOH).
The sample was prepared by heating to 70 °C for 3 h, subsequently cooled to 20 °C, and
aged for 48 h. Large macroscopic gel particles of size 2 — 4 mm were observed on the walls
of sample vials (Figure 4. 4J, S11A), indicating a higher degree of intermicellar linkages
being formed (compared to Figure 4. 4B-E, G). AFM and TEM analysis revealed the
formation of intermicellar linked nanofiber networks of several um long with heights (by
AFM) and widths ranging from ca. 40 — 100 nm (Figure S4. 11B-C). For comparison, a 20
mg/mL sample at high common solvent fraction (20:80 DMSO:MeOH) containing discrete
nanofibers from the analogous diBCP PFTMCis-b-PEG26s Was prepared by an identical
experimental procedure. Visual inspection of the diBCP nanofiber solution revealed it to
be clear with no evidence of macroscopic aggregates (Figure S4. 12A). Discrete length-
disperse diBCP nanofibers with a length of ca. 2 — 3 um were observed by TEM and no
evidence for micelle linking was detected (Figure S4. 12B). These results highlight the
ability of the triBCP to yield intermicellar networks of nanofibers at high polymer

concentration, and high common solvent content using a thermal CDSA procedure.
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Figure 4. 4. Effect of the fraction of common solvent on fiber-like micelle network formation of
PFTMC14-b-PEGggo-b-PFTMC14 nanofibers. A) Schematic representation of the preparation of nanofibers
with a high degree of intermicellar linking driven by the crystallization of the PFTMC segments on distinct
nanofibers at 5 mg/mL, 20:80 DMSO:MeOH v/v, heating to 70 °C for 3 h, and aging for 48 h; B-E) TEM
micrographs of nanofibers with a high degree of intermicellar linking where straight nanofiber bundles and
T-junctions are observed. F) Contour width histograms of intermicellar linked triBCP nanofibers (W, = 50
nm, D =1.18, ¢ =22 nm, on Figure 4. 4B-E, and S9), and discrete flower-like triBCP nanofibers (W, = 11
nm, B =1.04, o = 2 nm, Figure 4. 3B). G-H) Tapping mode AFM micrograph and heigh profile of PFTMCas-
b-PEGggo-b-PFTMC14 intermicellar linked nanofiber networks (5 mg/mL, 20:80 DMSO:MeOH) diluted to
0.05 mg/mL in MeOH (cast on a silicon wafer). 1) DLS analysis of PFTMCis-b-PEGggo-b-PFTMCi4
intermicellar linked nanofiber networks (5 mg/mL, 20:80 DMSO:MeOH, green trace), discrete PFTMC4-b-
PEGgoo-b-PFTMCy4 flower-like nanofibers (2 mg/mL, 10:90 DMSO:MeOH, pink trace), and PFTMCs-b-
PEG265 diBCP nanofibers (5 mg/mL 20:80 DMSO:MeOH, black trace). DLS samples diluted to 0.015 mg/mL
in MeOH for analysis. J) Digital image of the vial containing triBCP nanofibers with a high degree of
intermicellar linking (20 mg/mL 20:80 DMSO:MeOH).
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4.3.4 Formation of Diblock Copolymer Nanofiber Networks via TriBCP linking

We attempted to introduce intermicellar linking to discrete PFTMC-b-PEG diBCP
nanofibers via the addition of the triBCP linker using the living CDSA procedure. To
facilitate the epitaxial growth of triBCP at the termini of diBCP nanofibers the DP, of the
PFTMC block of the latter was designed to closely match that of the PFTMC blocks of the
triBCP (PFTMC14-b-PEGgno-b-PFTMCu4). Furthermore, the DP;, of the PEG block of the
diBCP was 265, around three-times shorter than the PEGgoo segment of the triBCP. This
was expected to ensure that the corona of the diBCP nanofibers does not pose a significant
steric barrier for the linking process. Low dispersity PFTMCis-b-PEG2¢5 diBCP nanofibers
were prepared via living CDSA (Ln = 359 nm, P=1.06, ¢=89nm, in 10:90
DMSO:MeOH. Figure 4. 5A, S14D, see supplementary discussion of the self-assembly
procedure and Figure S4. 13-14).

Two separate solutions of these diBCP nanofibers with different concentrations 0.5
or 5mg/mL (in 10:90 DMSO:MeOH) were prepared and the temperature of the self-
assembly solution was kept at 50 °C for 15 min prior to the addition of the triBCP. To these
solutions, 1 equivalent of triBCP unimer was added in one portion (5 puL in DMSO, 5 or
50 mg/mL, respectively). The solutions were kept at 50 °C for 2 h, subsequently cooled to
20 °C and aged for 48 h. The polymer concentration after the addition of unimer to the two
samples were 0.91 to 9.1 mg/mL, respectively (18:82 DMSO:MeOH v/v). TEM
examination of the nanofibers formed in the experiment conducted at 0.91 mg/mL revealed
that elongation had taken place to give a length increase (L, = 691 nm,  =1.03, 0 = 112
nm, Figure 4. 5B-D, S15A) with discernible newly grown segments, compared to the length
of the initial diBCP nanofibers (L, = 359, P = 1.06, Figure 4. 5A). The resulting length of

the nanofibers is in agreement (L, = 691 nm, p = 1.03) with that expected for the addition
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of 1 equivalent of triBCP unimer to diBCP nanofibers with L, = 359 nm (¢ = 89 nm, Figure
4. 5A) with experimental error. In addition, only a small number of linked nanofibers was
observed by TEM (Figure 4. 5E) and no macroscopic gel particles were observed via visual
inspection of the vial containing the sample (Figure S4. 15B). From these results it can be
inferred that no significant internanofiber linking of diBCP nanofibers occurs for the 0.91
mg/mL sample. Instead, the triBCP unimer appears to give discrete segmented B-m-A-m-B
nanofibers with flower-like nanofiber terminal segments derived from the triBCP and a
central segment derived from the diBCP (Figure 4. 5B-E, S15A-B. ‘m’ used to distinguish
between different fiber-like micelle segments). In contrast, TEM analysis of the sample at
9.1 mg/mL revealed a large number of nanofiber bundles (Figure 4. 5F-J, S15C),
reminiscent to the nanofiber micelle networks formed when the triBCP alone undergoes
CDSA at high concentration and with a large fraction of common solvent (Figure 4. 4, S9,
S11). Visual inspection of the sample revealed a cloudy solution and the formation of
macroscopic gel particles (Figure S4. 15D). This suggests that the triBCP can effectively
link PFTMC15-b-PEG2¢s diBCP nanofibers under conditions of high concentration (9.1
mg/mL), high common solvent content (DMSO, 18%), and high temperature (50 °C),
Figure 4. 5, S15. For a summary of these and supplementary experiments see Table S4. 3,
the Supplementary Discussion on intermicellar linking studies with PFTMC15-b-PEG26s5
diBCP nanofibers conducted at 20 °C via the addition of the triBCP (Figure S4. 16), and
thermally-induced unimer dissociation analysis of PFTMC1s-b-PEG2¢s diBCP nanofibers

(Figure S4. 17).
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Figure 4. 5. Preparation of discrete hybrid B-m-A-m-B segmented nanofibers (PFTMC14-b-PEGggo-b-
PFTMC14-m-PFTMC15-b-PEG265-m-PFTMC14-b-PEGggo-b-PFTMC14) and intermicellar linked nanofibers
prepared from PFTMC14-b-PEG2¢s seed nanofibers (L, =359 nm, & = 1.06, o = 89 nm) by the addition of the
B-A-B triBCP. ‘m’ used to distinguish between different fiber-like micelle segments. A) Schematic
representation and TEM micrograph of PFTMC14-b-PEG265 seed nanofibers. B) Preparation of discrete
hybrid B-A-B segmented nanofibers by adding 1 equivalent of triBCP unimer to 0.5 mg/mL diBCP nanofiber
solution. C-E) TEM micrographs of discrete hybrid B-A-B segmented nanofibers (L, = 691 nm, = 1.03,
o =112 nm). F) Preparation of intermicellar diBCP nanofiber networks by adding 1 equivalent of triBCP
unimer to a 5 mg/mL diBCP nanofiber solution. G-J) TEM micrographs of interlinked nanofibers.

4.4 Summary and Conclusions

In summary, the self-assembly of a B-A-B PFTMC14-b-PEGggo-b-PFTMC4 triBCP
with two crystalline terminal PFTMC ‘B’ blocks was studied. At low polymer
concentrations (< 5 mg/mL), and low fraction of common solvent (~10% DMSO) the
triBCP yielded length-disperse flower-like nanofibers via the CDSA method (after heating
and cooling). The living CDSA process enabled access to discrete low dispersity flower-
like nanofibers of tunable lengths from L, = 25 — 806 nm (D < 1.10). At these conditions,
the PEGgoo block of the triBCP assumed a looped conformation allowing the two
PFTMCus-block ends to crystallize in the nanofiber core, yielding flower-like nanofibers
as evidenced by TEM and AFM analysis.
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Nanofiber linked networks were obtained via the CDSA of the triBCP at high
polymer concentrations (> 5 mg/mL), high common solvent for the triBCP (> 18%
DMSO0), and a heating and cooling cycle. These three parameters were found critical to
achieve nanofiber network formation via the novel internanofiber linking method, as
shown by TEM, AFM, and DLS analysis. The intermicellar nanofiber networks arranged
in linear nanofiber bundles and yielded macroscopic gel-like aggregates. The intermicellar
linking was only accomplish when the triBCP was used as opposed to when a diBCP was
used. In addition, low dispersity PFTMCis-b-PEG26s diBCP nanofibers (Ln = 358,
D =1.06) were noncovalently linked by addition of the triBCP yielding internanofiber
networks and macroscopic gel-like aggregates. To our knowledge, this is the first report of
the intermicellar linking of crystalline core diBCP and triBCP nanofibers via the addition
of an A-B-A triBCP linker.

The evidence collected indicates a competitive mechanism between the
crystallization-driven nanofiber growth (CDSA and living CDSA) and the internanofiber
linking process. This work has potential applications in the fields of tissue engineering and
materials reinforcement. It also allows access to new hierarchical conformations of
nanomaterials able to form intermicellar networks via a triBCP linker. This methodology

may be extended to other BCP systems known to undergo CDSA.

220



Chapter 4

4.5 Supporting Information
4.5.1 General Considerations and Instrumentation

1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) was purchased from Aldrich, dried
over CaHy, and purified by distillation under reduced pressure. Fluorene for the synthesis
of the spiro[fluorene-9,5’-[1,3]-dioxan]-2"-one (FTMC) monomer was purchased from
Combi Blocks (United States). FTMC monomer was synthesized according to the
procedure reported by Finnegan et al.>® The methoxy and diol PEGs used were purchased
from Polymer Source and dried via vacuum desiccation over phosphorus pentoxide prior
to use. Anhydrous solvents were dried and purified using an MBraun Grubbs/Dow solvent
purification system.>® All other reagents and solvents were purchased from Sigma-Aldrich
(Canada), VWR (Canada), Fisher Scientific (Canada) and used as received unless
otherwise noted. Solvents for self-assembly were HPLC grade and were filtered through
PTFE or nylon membranes with a pore size of 0.2 um before use. All reactions were carried
out in an MBraun 200B glove box under a nitrogen atmosphere or using standard Schlenk
line techniques.

Ultrasonication

Sonication of micelles was carried out in a Fisherbrand 112xx series advanced
ultrasonic cleaner (FB-11203). The instrument was operated in sweep mode at 80% power
and 37 MHz at for 3 h at 15 — 20 °C.

NMR Spectroscopy

IH NMR spectra were obtained from a Bruker 500 MHz spectrometer with CD,Cl;
(*H NMR: § = 5.32 ppm;) as the solvent. Chemical shifts are quoted in parts per million
(ppm), with spectra referenced to the residual solvent peak. Multiplicities are abbreviated
as brs (broad singlet), s (singlet), d (doublet), t (triplet), g (quartet), p (pentet), m (multiplet)

and app. (apparent) or combinations thereof.
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Gel permeation chromatography (GPC)

GPC was conducted on a Malvern OMNISEC chromatograph equipped with a
refractive index (RI), UV/Vis photodiode detector array, light scattering detector and
viscometer. Triethylamine/THF (1% v/v ) was used as the eluent, with the flow rate set at
1 mL/min. The columns used were grade T3000, followed by T5000 (Viscotek) at a
constant temperature of 35 °C. The calibration (universal) of the RI detector was carried
out using polystyrene standards (Viscotek). Samples were prepared at 1 mg/mL in eluent
and filtered through a polytetrafluoroethylene membrane filter, pore size = 0.2 pum.

Matrix-assisted laser desorption/ionization-time of flight mass spectrometry
(MALDI-TOF MS)

MALDI-TOF MS measurements performed using a Bruker Ultraflextreme running
in linear mode. Samples prepared using a trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene]malononitrile matrix (20 mg/mL in THF) and the polymer sample (2 mg/mL
in THF), mixed in a 10:1 (v/v) ratio. Approximately 3 pL of the mixed solution was
deposited onto a stainless-steel sample plate and allowed to dry in air.

Transmission electron microscopy (TEM)

TEM images were obtained on a JEOL 1011 microscope with an 11 Megapixel
CCD camera, at the electron acceleration voltage of 80 kV. Samples were prepared by
drop-casting 8 pL of the micelle solution onto a carbon-coated copper grid, followed by
drop-casting 8 pL of uranyl acetate in EtOH (3 wt %). Sample concentration for TEM
analysis was either 0.5 or 0.1 mg/mL based on nanofiber concentration. Copper grids (400
mesh) were purchased from Ted Pella, and carbon films (ca. 6 nm) were prepared on mica
sheets by carbon sputtering with a Leica ACE 600 carbon coater. The carbon films were
deposited onto the copper grids by floatation on water and the carbon-coated grids allowed

to dry in air. All samples examined via TEM were cast onto a plasma treated carbon-coated
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copper grids and negatively stained with a 3 wt% uranyl acetate solution (in ethanol). The
staining solution interacted well with the PEG corona-block but not with the PFTMC
crystalline-core, resulting in the observation of a bright nanofiber-core against a dark
background.>®

For micelle contour lengths and widths analysis, a minimum of 150 nanofibers in
several images were traced manually using the ImageJ software package developed at the
US National Institute of Health. The number average micelle length (L») or width (W) and
weight average micelle length (Lw) were calculated using eg. S1-2 from measurements of
the contour lengths (L) of individual micelles, where Ni is the number of micelles of length
Li, and n is the number of micelles examined in each sample. The distribution of micelle
lengths is characterized by & = Lw/Ln.

~iNL;

n .
i=1 Nt

n 2
i=1 NiLj

L. =
n .
NiLi

L, = (eq. S1-2)

Atomic Force Microscopy

AFM analysis was obtained using a 5500 Atomic Force Microscope (Agilent
Technologies). The images were recorded in the AC mode with a scanning speed of 1.0
um/s in an area of 4.0 um? at 1024 x 1024 resolution. The tips employed (Tap150Al-G,
Budget Sensors) consisted of a conical silicon tip with aluminum reflective coating and a
resonance frequency and force constant of 150 kHz and 5N/m, respectively. The samples
for AFM were prepared on a silicon wafer by casting the nanofiber solution (in ~ 100%
MeOH, 20 pL, 0.05 mg/mL) onto the clean silicon wafer. The silicon wafer was gently
dried from the sides with a filter paper and dried via vacuum desiccation.

Dynamic light scattering
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Dynamic light scattering (DLS) experiments were carried out using a Zetasizer Pro.
The nanofiber samples were prepared in filtered MeOH through a 0.45 pum membrane filter
into an optical quartz glass cuvette (PCS8501 type, 10.0 mm light path). The correlation
function was acquired in real time and analysed with a function capable of modelling
multiple exponentials (Cumulant analysis). This process enabled the diffusion coefficients
for the component particles to be extracted, and these were subsequently expressed as the
intensity weighted mean hydrodynamic size (Rnz) Stokes-Einstein relationship for coated
spheres, with core properties of polystyrene latex (RlI = 1.590, Absorption = 0.010,
dispersant Rl = 1.33, dispersant viscosity = 0.548, dispersant dielectric constant 33).

UV-Vis absorbance

UV-Vis absorbance spectra was recorded on a Varian Cary 100 Bio
spectrophotometer at different temperatures (25 — 90 °C). Figure S4. 17, was constructed
with the absorbance measured at 301 nm. The diBCP nanofiber samples (1 mL, 0.5 mg/mL)
were prepared in filtered 20:80 DMSO:MeOH solvent through a 0.45 um membrane filter

into an optical quartz glass cuvette (PCS8501 type, 10.0 mm light path).

224



Chapter 4

4.5.2 Synthetic procedures

4.5.2.1 Synthesis of PFTMC14-b-PEGooo-b- PFTMCi4

Scheme S4. 1. Synthesis of PFTMCu-b-PEGee-b-PFTMC1s by organocatalytic —ring-opening
polymerization.

Hio~JOH | Oﬂo DBU 0.8 eqs "o 9 : o’\gh‘;oo o—H
fo~oR W’ 14 14

To a solution of diol-PEGggo in the minimum amount of anhydrous CH2Cl> (100
mg, 0.003 mmol, 1.0 eq), DBU (0.3 uL, 0.3 mg, 0.002 mmol, 0.8 eq) was added in an oven-
dried round bottom flask equipped with a magnetic stirring bar. To the stirring solution,
FTMC (25.3 mg, 0.1 mmol, 40 eq) in anhydrous CH2Cl> (0.5 mL) was added, and the
reaction mixture was stirred at room temperature for 5 h, before the reaction mixture was
quenched by the addition of benzoic acid (20 mg). The crude product was purified by
precipitation into ice-cold diethyl ether three times, followed by drying in vacuo. The
PFTMC14-b-PEGa0o-b-PFTMC14 was obtained as a white sticky solid solid (88 mg, 70%).
Monomer conversion 70%

GPC: Mn = 32,300, Bm = 1.19.

(@] 0 (o]
g\d‘l‘o o O'H
900 b b b C
13 13

IH NMR (500 MHz, CD,Cl,) & 7.84 — 7.66 (56H, m, Ha), 7.53 (56H, m, Ha), 7.47
~7.34(56H, m, Ha), 7.34 — 7.20 (56H, m, Ha), 4.50 — 4.29 (110H, m, Hb), 4.19 — 4.16 (4H
m, Hc), 3.60 (3600H, m, Hd). H integration is based on ‘c’ (OHCH.C) from the flanking

FTMCs at the termini of the triBCP.
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4.5.2.2 Synthesis of PFTMCis-b-PEG265

Scheme S4. 2. Synthesis of PFTMC1s-b-PEGaes by organocatalytic ring-opening polymerization.

o (o}

oJLo H1+—o on\\Fo/\*o\

PPN DBU 0.8 egs 265
265 DCM 0.0

- —15

PEG265 (500 mg, 0.02 mmol, 1 eq) and DBU (2.9 pL, 2.9 mg, 0.02 mmol, 0.8 eq)

were dissolved in the minimum volume of anhydrous CH-Cl in a round bottom flask
equipped with a magnetic stirring bar. To the stirring solution, FTMC (122 mg, 0.49 mmol,
20 eq) in anhydrous CH2Cl> (1 mL) was added, and the reaction mixture was stirred at
room temperature for 3 h, before the reaction mixture was quenched by the addition of
benzoic acid (10 mg). The crude product was purified by precipitation into ice-cold diethyl
ether three times. 300 mg of the collected white solid was then dissolved in 20 mL of THF
in a 50 mL centrifuge with a stir bar. 10 mL of hexane was added to the stirring solution
and centrifuged, to the supernatant an extra 6 mL of hexanes were added, stirred and
centrifuged. The resulting solid was dried in vacuo to yield PFTMC15-PEG2es as a white
solid (210 mg, 70%). Monomer conversion 75%

GPC: Mn = 13,200, Bm = 1.16.

Hofkt‘é;d

IH NMR (500 MHz, CD,Cl) 5 7.88 — 7.68 (30H, m, Ha), 7.67 — 7.50 (31H, m, Ha),
7.50 — 7.37 (31H, m, Ha), 7.37 — 7.24 (31H, m, Ha), 4.54 — 4.20 (62H, m, Hb), 3.80 — 3.48
(1060H, m, Hc), 3.38 (3H, s, Hd). *H integration is based on ‘d’ (CH20CH3) from the
terminal methyl group of the PEG.
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4.5.3 Self-assembly procedures

Composition of all solvents given in viv

Self-nucleation of PFTMCi4-b-PEGgwo-b-PFTMCaa.

2 mg/mL PFTMCus-b-PEGgo0-b-PFTMC14 10:90 DMSO:MeOH self-assembly
solution. 6 mg of PFTMC14-b-PEGgpo-b-PFTMC14 (300 pL, 20 mg/mL unimer solution in
DMSO) was added to MeOH (2.7 mL) in a vial. The resulting solution (1 mg/mL in 10:90
DMSO:MeOH) was manually shaken for ~ 15 s and annealed for 3 hat 70 °C. The solution
was cooled to 20 °C over 3 h, and aged for 48 h. The resulting solution contained
morphologically pure flower-like nanofibers with disperse lengths as analysed by TEM.

5 mg/mL PFTMCus-b-PEGgo0-b-PFTMC14 10:90 DMSO:MeOH self-assembly
solution. 2 mg of polymer were placed in a vial and 400 pL (10:90 DMSO:MeOH) of
solvent mixture were added. The resulting solution (5 mg/mL in in 10:90 DMSO:MeOH)
was manually shaken for ~ 15 s and annealed for 3 h at 70 °C. The solution was cooled to
20 °C over 3 h, and aged for 48 h. The resulting solution contained morphologically pure
flower-like nanofibers with disperse lengths as analysed by TEM, minimal degree of
corona-linking was observed.

5 mg/mL PFTMCus-b-PEGgo0-b-PFTMC14 20:80 DMSO:MeOH self-assembly
solution. 2 mg of polymer were placed in a vial and 400 pL (20:80 DMSO:MeOH) of
solvent mixture were added. The resulting solution (5 mg/mL in in 20:80 DMSO:MeOH)
was manually shaken for ~ 15 s and annealed for 3 h at 70 °C. The solution was cooled to
20 °C over 3 h, and aged for 48 h. The resulting solution contained morphologically pure
nanofibers with disperse lengths as analysed by TEM, a high degree of corona-linking was

observed.
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20 mg/mL PFTMCu-b-PEGgoo-b-PFTMC14 20:90 DMSO:MeOH  self-
assembly solution. 4 mg of polymer were placed in a vial and 200 pL (20:90
DMSO:MeOH) of solvent mixture were added. The resulting solution (20 mg/mL in 20:90
DMSO:MeOH) was manually shaken for ~ 15 s and annealed for 3 h at 70 °C. The solution
was cooled to 20 °C over 3 h, and aged for 48 h. The resulting solution contained
morphologically pure nanofibers with disperse lengths as analysed by TEM, a high degree
of corona-linking was observed.

Preparation of PFTMCi4-b-PEGooo-b-PFTMC14 flower-like nanofibers of
controlled lengths

Preparation of PFTMCu4-b-PEGgoo-b-PFTMCa14 flower-like seed nanofibers.
The disperse PFTMC14-b-PEGgoo-b-PFTMC14 flower-like nanofibers (2 mL, diluted to 1
mg/mL with MeOH) were fragmented by ultrasonication for 3 h at 15 — 20 °C. The
resulting nanofibers were analysed by TEM (L, =25 nm, ® = 1.12, 6 = 9 nm).

Preparation PFTMCi4-b-PEGooo-b-PFTMC14 flower-like nanofibers of
controlled length and low dispersity via seeded growth (living CDSA). For the seeded
growth experiments with Munimer/Mseed < 10: aliquots of PFTMC14-b-PEGggo-b-PFTMC14
unimer (10 mg/mL in DMSO), equivalent to corresponding Mynimer/Mseed, Were added to
diluted seed nanofiber solutions in MeOH (500 uL). The resulting self-assembly solutions
(~15% DMSO) were manually shaken for ~ 15 s and aged for 48 h at 20 °C.

For seeded growth assemblies With Munimer/Mseed 15, 20, 30, and 40: aliquots of
PFTMC14-b-PEGgoo-b-PFTMC14 unimer (10 mg/mL in DMSO), equivalent to

corresponding Munimer/Mseed, Were added to diluted seed nanofiber solution in MeOH (300
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pL). The unimer was added in intervals of 10 Munimer/Mseed €Very 24 h. The self-assembly
solutions (~15% DMSO) were manually shaken for ~ 15 s and aged at 20 °C.

Self-nucleation of PFTMCis-b-PEG2es.

5 mg/mL PFTMCis5-b-PEG26s 15:85 DMSO:MeOH self-assembly solution. 5
mg of PFTMC15-b-PEG2¢s were placed in a vial and 1 mL (15:85 DMSO:MeOH) of solvent
mixture were added. The resulting solution (5 mg/mL in 15:85 DMSO:MeOH) was
manually shaken for ~ 15 s and annealed for 3 h at 70 °C. The solution was cooled to 20
°C over 3 h, and aged for 48 h. The resulting solution contained morphologically pure
flower-like nanofibers with disperse lengths as analysed by TEM.

5 mg/mL PFTMCis-b-PEG265 20:80 DMSO:MeOH self-assembly solution.
2 mg of polymer were placed in a vial and 400 pL (20:80 DMSO:MeOH) of solvent
mixture were added. The resulting solution (5 mg/mL in in 20:80 DMSO:MeOH) was
manually shaken for ~ 15 s and annealed for 3 h at 70 °C. The solution was cooled to 20
°C over 3 h, and aged for 48 h. The resulting solution contained morphologically pure
nanofibers with disperse lengths as analysed by TEM, a high degree of corona-linking was
observed.

20 mg/mL PFTMCis5-b-PEG265 20:80 DMSO:MeOH self-assembly solution. 20
mg of PFTMCis-b-PEGo2es were placed in a vial and 500 pL (20:80 DMSO:MeOH) of
solvent mixture were added. The resulting solution (20 mg/mL in 20:80 DMSO:MeOH)
was manually shaken for ~ 15 s and annealed for 3 h at 70 °C. The solution was cooled to
20 °C over 3 h, and aged for 48 h. The resulting solution contained morphologically pure

flower-like nanofibers with disperse lengths as analysed by TEM.
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Preparation of PFTMCis-b-PEG2ss diBCP seed nanofibers. The disperse
PFTMC15-b-PEG2es diBCP nanofibers (1 mL, 5 mg/mL) were fragmented by
ultrasonication for 3 h at 15 — 20 °C. The resulting nanofibers were analysed by TEM (L
=50 nm, b =1.13, 0 =18 nm).

Preparation of PFTMCis-b-PEGz265 diBCP nanofibers of controlled length and
low dispersity via seeded growth (living CDSA). For the seeded growth experiments with
Munimer/Mseed < 10: aliquots of PFTMCi14-b-PEG26s unimer (10 mg/mL in DMSO),
equivalent to corresponding Munimer/Mseed, Were added to diluted seed nanofiber solutions in
MeOH (200 pL). The resulting self-assembly solutions (~15% DMSOQO) were manually
shaken for ~ 15 s and aged for 48 h at 20 °C.

For seeded growth assemblies with munimer/Msees 20, and 30: aliquots of
PFTMC15-b-PEG2es unimer (10 mg/mL in DMSO), equivalent to corresponding
Munimer/Mseed, Were added to diluted seed nanofiber solution in MeOH (200 pL). The unimer
was added in intervals of 10 Munimer/Mseed €Very 24 h. The self-assembly solutions (~15%
DMSO) were manually shaken for ~ 15 s and aged at 20 °C.

Preparation of 359 nm PFTMCus-b-PEG26s nanofibers with controlled length
and low dispersity by seeded growth (living CDSA). To a diluted seed solution
PFTMCys-b-PEG2e5 (50 nm, 0.5 mL, 0.782 mg/mL, in MeOH), PFTMC1s-b-PEG26s
unimer (50 mg/mL in DMSO, mynimer/Mseed €quivalent to 6) was added in two portions (2 x
23.5 pL), 24 h apart. The self-assembly solution (5 mg/mL, 10:90 DMSO:MeOH) was
manually shaken for ~ 15 s and aged for 48 h at 20 °C. TEM. The resulting solution
contained morphologically pure diBCP nanofibers with low length-dipersity nanofibers as

analysed by TEM (L, =359 nm, D = 1.06, ¢ = 89 nm).
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Preparation B-m-A-m-B segmented nanofibers, and corona-linking
experiments via the addition of triBCP unimer to diBCP nanofiber solutions.
A block = PFTMC1s-b-PEG2s5, B block = PFTMC14-b-PEGgoo-b-PFTMC 4.

50 pL of either 0.5 mg/mL (diluted in 10:90 DMSO:MeOH) or 5 mg/mL the diBCP
(359 nm, PFTMC1s-b-PEGg6s5) nanofiber solutions were placed in vials. A set of samples
were kept at 20 °C and another set was heated to 50 °C for 15 min. Then, 1 Munimer/Mseed
equivalents of triBCP unimer (5 pL, 5 mg/mL or 50 mg/mL in DMSQ) were added to the
vials containing the diBCP nanofibers as shown in Table S4. 3. The resulting solutions
were manually shaken for ~ 15 s and kept at their respective temperature for 2 h before

cooling down to 20 °C, if applicable, and aged for 48 h at 20 °C.
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4.5.4 Supplementary Discussion

Solution State Self-Assembly of PFTMCi1s-b-PEG26s diBCP

The solution state self-assembly of PFTMCis-b-PEG2¢s was investigated via CDSA
using a spontaneous nucleation protocol (5 mg/mL, DMSO:MeOH 15:85, Figure S4. 13),
followed by sonication and seeded growth (Figure S4. 14), as analyzed by TEM. Via the
seeded growth method, PFTMC1s-b-PEG26s nanofibers of tuned lengths (195 to 1235 nm)
and low length-dispersities (b < 1.06) were obtained by adding modulated quantities of
PFTMC15-b-PEG26s unimer (in DMSO, Munimer/Mseed = 2.5 — 30) to seed solutions, as
examined by TEM (Figure S4. 14C-1). The experimental lengths of the resulting diBCP
nanofibers were consistent with the experimental error associated with the addition of
unimer to a seed solution of 50 nm (o =18 nm). The seeded growth experiments of
PFTMC15-b-PEG2es diBCP nanofibers revealed a linear dependency of the final length vs
Munimer/Mseed ratio, characteristic of the seeded growth process (Figure S4. 14J). A summary
of the PFTMC15-b-PEG2¢5 diBCP nanofibers contour length statistical analysis is presented
in Table S4. 4.

Studies at 20 °C of the Intermicellar Linking of PFTMCi1s-b-PEG26s diBCP
Nanofibers via the Addition of the Telechelic triBCP

Two solutions containing PFTMCs-b-PEG26s diBCP nanofibers (Ln = 359 nm, b
=1.06, ¢ = 89nm, 0.5 mg/mL, DMSO:MeOH 10:90. Figure 4. 5A, S14D) were kept at 20
°C, and 1 equivalent of triBCP unimer (5 pL in DMSO, 5 mg/mL or 50 mg/mL) was added
in one portion to each sample (Figure S4. 16). The resulting concentration of polymer in
each experiment corresponded to 0.91 mg/mL (Figure S4. 16A-B) and 9.1 mg/mL (Figure
S4. 16C-D), both samples were aged for 48 h prior to analysis (18:82 DMSO:MeOH). For

the sample cointaining 0.91 mg/mL of polymer, discrete nanofibers of controlled
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dimensions that match the predicted length of a seeded growth process were observed by
TEM (L, = 822 nm, P = 1.03, o = 133 nm. Figure S4. 16A). The length of the resulting
nanofibers is in good agreement with the experimental error associated with the addition
of 1 equivalent of unimer to diBCP nanofibers of L, = 359 nm (¢ = 89 nm). The well-
behaved increase of the length, the newly grown segments, and the absence of intermicellar
linked  networks confirmed the  formation of  segmented ‘hybrid’
flower-like(triBCP)-m-nanofiber(diBCP)-m-flower-like(triBCP) nanofibers by TEM
(PFTMC14-b-PEGgoo-b-PFTMC14-m-PFTMC15-b-PEG265-m-PFTMC14-b-PEGooo-b-
PFTMCu4, Figure S4. 16A). Visual inspection of the vial containing the 0.91 mg/mL
sample revealed a clear non-viscous solution with no evidence of macroscopic aggregates
(Figure S4. 16B). The sample prepared containing 9.1 mg/mL of polymer, contained both
discrete hybrid nanofibers and intermicellar linked nanofibers, via TEM analysis (Figure
S4. 16C). A cloudy solution arising from the scatered light of partially linked nanofibers
was observed via visual inspection of the sample (Figure S4. 16D).

Thermally-induced unimer  dissociation from diBCP  nanofibers
PFTMCis5-b-PEG265

To corroborate that no diBCP nanofiber dissociation and self-seeding® occurred
upon heating the diBCP nanofiber solutions at 50 °C (L, = 359 nm, 0.5 mg/mL, in 20:80
DMSO:MeOH), variable-temperature UV-Vis absorbance measurements (250 — 600 nm)
were conducted from 25 — 90 °C with 5 °C intervals. The absorbance corresponding to the
fluorene moiety of the PFTMC-block was analysed at 301 nm (Figure S4. 17). The sharp
change in slope at 70 °C indicates that at this temperature and above the diBCP nanofibers

undergo thermally-induced unimer dissociation. The observed increase in absorbance
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results from a higher availability of PFTMC moieties (unimer) in solution that are able to
interact with the instrument beam (Figure S4. 17). Since no significat unimer-dissociation
occurs at 50 °C no self-seeding can take place. Hence, the nanofiber length increase from
preformed diBCP nanofibers (L, = 359 nm) at 0.91 mg/mL (at either 50 or 20 ° C, 18:82
DMSO:MeOH) results exclusively from the crystallization-driven fiber growth (living
CDSA) of the 1 equivalent of triBCP added to the diBCP nanofiber solution (Figure S4.

15A, S16A).
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4.5.5 Supplementary Tables

Table S4. 1. Summary of molar mass data for PEG homopolymers and PFTMC-containing block

copolymers.

Polymer M"ég;go') Mwé%go') PwGPC | DP,NMR

PEGn 24,500 28,900 1.17 m =900°

PEG: 10,600 11,200 1.06 n = 265°
PFTMC-b-PEGeno-b-PFTMC 32,300 38,400 1.19 I=14
PFTMC-b-PEG2ss 13,300 15,300 1.15 n=15

3PEG DP, obtained by *H NMR end-group analysis of the block copolymers.

Table S4. 2. Statistical analysis of contour length measurements for PFTMC14-b-PEGgo-b-PFTMC 14 flower-
like nanofibers prepared via seeded growth at 20 °C, in DMSO:MeOH solvent mixtures (DMSO = 10 —
20 %), measured via TEM. The number of nanofibers measured is represented by n, and o represents the
standard deviation of the measured length, and L./eq corresponds to the L, of the nanofibers per mass
equivalent of triBCP in the sample.

Munimer/Mseed

Length Seeds 2.5 5 10 15 20 30 40

n 346 276 316 302 250 252 249 259

Lo (nm) 25 96 146 240 306 451 670 806
Lw (nm) 29 104 159 260 337 483 706 854
b 1.12 1.08 1.09 1.08 1.10 1.07 1.05 1.06
La/eq (nm) 25 28 24 22 19 21 22 20
o (nm) 9 27 45 70 97 119 155 183
o/ Ln 0.35 0.29 0.31 0.29 0.31 0.26 0.23 0.23
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Table S4. 3. Summary of the corona-linking experiment conditions via the addition of the PFTMCys-b-
PEGgo0-b-PFTMC4 triBCP to the PFTMC1s-b-PEGaes diBCP nanofiber solutions of Ln = 359 nm (B = 1.06,

o =89).
Sample Temp. Vol. Seed  Seed conc. Munimer/Mseed Unimer Conc. %
No. (uL) (mg/mL) (uL) (mg/mL) DMSO
1 50°C 50 0.5 1.0 5* 0.91 18%
2 50 °C 50 5.0 1.0 5° 9.1 18%
3 20°C 50 0.5 1.0 5* 0.91 18%
4 20°C 50 5.0 1.0 5° 9.1 18%

*Unimer concentration = 5 mg/mL. °Unimer concentration = 50 mg/mL.

Table S4. 4. Statistical analysis of contour length measurements for PFTMC1s-b-PEG2¢s diBCP nanofibers
prepared via seeded growth at 20 °C, in DMSO:MeOH solvent mixtures (DMSO = 10 — 20%), measured via
TEM. The number of nanofibers measured is represented by n, and o represents the standard deviation of the
measured length, and Ln/eq corresponds to the L, of the nanofibers per mass equivalent of triBCP in the

sample.
Munimer/Mseed
Length

Seeds 25 5 10 20 30

n 153 154 157 159 165 155
Ln (nm) 50 195 359 633 1012 1235
Lw (nm) 57 201 380 652 1041 1287
b 1.13 1.03 1.06 1.03 1.02 1.04

Ln/eq (nm) 50 55 59 57 48 40
o (nm) 18 34 89 112 173 256
o/Ln 0.36 0.17 0.25 0.18 0.17 0.21
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4.5.6 Supplementary Figures
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Figure S4. 1. MALDI-TOF MS spectra of the diol-PEGgeoo used as macroinitiator for the synthesis of the
PFTMC14-b-PEGggo-b-PFTMC4 triBCP.
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Figure S4. 2. GPC (refractive index) traces eluted in triethylamine/THF (1% v/v), 1 mL min, 35 °C of
PEGgoo homopolymer (black trace), and PFTMC14-b-PEGge-PFTMC4 triBCP (blue trace). The y-axis
reflects the distribution of weight fractions by molecular weight.
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Figure S4. 4. 'H NMR spectra (in CD2Cly) of PFTMC5-b-PEGggs.
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Figure S4. 5. GPC (refractive index) traces eluted in triethylamine/THF (1% v/v), 1 mL min?, 35 °C of
PEG265s homopolymer (black trace), and PFTMC1s-b-PEG2¢s diBCP (blue trace). The y-axis reflects the
distribution of weight fractions by molecular weight.
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Figure S4. 6. Preparation of low dispersity nanofibers of controlled lengths via living CDSA method. A)
Schematic representation of the preparation process of low dispersity nanofibers prepared from PFTMC14-b-
PEGopo-b-PFTMC14. B-D) TEM images of the resulting low dispersity flower-like nanofibers prepared
through the seeded-growth method via ther addition of PFTMC14-b-PEGgpo-b-PFTMC14 unimer in DMSO to
nanofiber seed solutions at Munimver/Mseed ratios of B) 2.5:1 C) 10:1, and D) 20:1, respectively.
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Figure S4. 7. A) Schematic representation of the preparation of low dispersity flower-like nanofibers
prepared from PFTMC14-b-PEGgp-b-PFTMCu4 via the living CDSA method. B) Tapping mode AFM
micrograph on a silicon wafer of low dispersity flower-like nanofibers prepared by adding PFTMC14-b-
PEGggo-b-PFTMC14 unimer in DMSO to a solution of nanofiber seeds in ~10:90 DMSO:MeOH (L, = 670

nm, P = 1.05, 6 = 155 nm, by TEM). C) Color-coded Height profile of the the low length-dispersity flower-
like nanofiber in B.
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Figure S4. 8. Digital images of the vials containing PFTMC14-b-PEGgp-b-PFTMCy4 triBCP nanofiber
networks (2 mg, 400 pL, 5 mg/mL) at different extents by modifying the fraction of common solvent: A)
10:90 DMSO:MeOH v/v. B) 20:80 DMSO:MeOH v/v. The digital images were recorded after the samples

were heated to 70 °C for 3 h, cooled to 20 °C and aged for 48 h.
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Figure S4. 9. A-H) TEM micrographs of PFTMC14-b-PEGgoo-b-PFTMC14 nanofiber networks prepared
CDSA by heating to 70 °C for 3 h, subsequently cooled to 20 °C, and aged for 48 h (2 mg, 400 pL, 5 mg/mL,
20:80 DMSO:MeOH). The samples were casted into plasma-treated carbon-coated copper grids.
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Figure S4. 10. TEM micrograph of PFTMC1s-b-PEGags disperse nanofibers (400 pL, 5 mg/mL) prepared in
20:80 DMSO:MeOH via CDSA by heating to 70 °C for 2 h, and subsequently cooled to 20 °C and aged for

48 h.

Figure S4. 11. A) Digital image of the vial containing PFTMC14-b-PEGgoo-b-PFTMC14 triBCP nanofiber
networks (20 mg/mL, 500 pL, 20:80 DMSO:MeOH) prepared via CDSA by heating to 70 °C for 2 h, and
subsequently cooled to 20 °C and aged for 48 h. B) Tapping mode AFM micrograph on a silicon wafer of
triBCP nanofiber networks in A. C) TEM micrograph of the triBCP nanofiber networks in A.
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Figure S4. 12. A) Digital image of the vial containing discrete PFTMC15-b-PEG2¢5 diBCP nanofibers (20
mg/mL, 500 pL, 20:80 DMSO:MeOH) prepared via CDSA by heating to 70 °C for 2 h, and subsequently
cooled to 20 °C and aged for 48 h. B) TEM micrograph of the diBCP mnanofibers in A.

Figure S4. 13. TEM micrograph of PFTMC1s-b-PEG2ss disperse nanofibers (1 mL, 5 mg/mL) prepared in
DMSO:MeOH (15:85) via CDSA. The sample was heated to 70 °C for 3 h, subsequently cooled to 20 °C and
aged for 48 h.
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Figure S4. 14. Preparation of low dispersity diBCP nanofibers of controlled lengths via the Living CDSA
method. A) Schematic representation of the preparation process of low dispersity flower-like nanofibers
prepared from PFTMC1s-b-PEG26s. B) TEM image of seed nanofibers (50 nm, = 1.13, o = 18 nm) prepared
via the sonication of the disperse nanofibers in DMSO:MeOH (15:85). D-G) TEM images of the resulting
low dispersity flower-like nanofibers prepared through the seeded-growth method via the addition of
PFTMCis-b-PEGg6s unimer in DMSO to nanofiber seed solutions at Munimver/Mseed ratio of C) 2.5:1, D) 5:1,
E) 10:1, F) 20:1, and G) 30:1, respectively. H) nanofiber length analysis summary. 1) Contour length
histograms of the seeds and low-dispersity flower-like nanofibers. J) Plot of nanofiber length (Ln) versus
Munimer/Mseed Fatio. TEM images were stained with uranyl acetate (3 wt % in EtOH).
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0.91 mg/mL

9.1 mg/mL

Figure S4. 15. Linking experiments conducted at 50 °C (18:82 DMSO:MeOH). A) TEM micrograph of
hybrid B-A-B (PFTMC14-b-PEGgoo-b-PFTMC14-m-PFTMC15-b-PEGzes-m-PFTMCm-b-PEGgoo-b-
PFTMC.s) segmented nanofibers after the addition of 1  Mynimer/Mseed  equivalents  of
PFTMC14-b-PEGggo-b-PFTMCa4 triBCP unimer (5 pL, 5 mg/mL) to PFTMC1s-b-PEG6s diBCP nanofibers
(359 nm, = 1.06, 6 =89 nm, 50 pL, 0.5 mg/mL, at 50 °C). The concentration of polymer in the resulting
solution was 0.91 mg/mL. B) Digital image of the vial containing the hybrid nanofibers in A. C) TEM
micrograph of hybrid B-m-A-m-B nanofibers and partially linked nanofibers after the addition of 1
Munimer/Msees €QUiValents of PFTMCi4-b-PEGgoo-b-PFTMC14 triBCP unimer (5 pL, 50 mg/mL) to
PFTMCi5-b-PEGg6s diBCP nanofibers (359 nm, = 1.06, 6 =89 nm, 50 uL, 5.0 mg/mL, at 50 °C). The
concentration of polymer in the resulting solution was 9.1 mg/mL. D) Digital image of the vial containing
the hybrid nanofibers and partially linked nanofibers in C.
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0.91 mg/mL

9.1 mg/mL

Figure S4. 16. Linking experiments conducted at 20 °C (18:82 DMSO:MeOH). A) TEM micrograph of
hybrid B-A-B (PFTMC14-b-PEGggo-b-PFTMC14-m-PFTMC15-b-PEG265-m-PFTMC14-b-PEGggo-b-
PFTMC1s) segmented nanofibers after the addition of 1  Mynimer/Mseed  equivalents  of
PFTMC14-b-PEGggo-b-PFTMC14 triBCP unimer (5 pL, 5 mg/mL) to PFTMC1s-b-PEG6s diBCP nanofibers
(359 nm,  =1.06, 6 =89 nm, 50 pL, 0.5 mg/mL, at 20 °C). The concentration of polymer in the resulting
solution was 0.91 mg/mL. B) Digital image of the vial containing the hybrid nanofibers in A. C) TEM
micrograph of hybrid B-A-B nanofibers and partially linked nanofibers after the addition of 1 Munimer/Mseed
equivalents of PFTMC4-b-PEGggo-b-PFTMCy4 triBCP unimer (5 pL, 50 mg/mL) to PFTMC1s-b-PEG2gs
diBCP nanofibers (359 nm, = 1.06, o = 89 nm, 50 pL, 5.0 mg/mL, at 20 °C). The concentration of polymer
in the resulting solution was 9.1 mg/mL. D) Digital image of the vial containing the hybrid nanofibers and
partially linked nanofibers in C.
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Figure S4. 17. Ultraviolet absorbance measurements conducted at 301 nm of PFTMC15-b-PEGgze5 nanofibers
diluted in MeOH (L, = 359 nm, P = 1.06, 6 =89 nm, 0.5 mg/mL) to determine the thermal annealing
temperature. The change in slope (blue region) indicate thermally-induced unimer dissociation resulting in a
higher absorbance from individual PFTMC moieties released to the solution. The nanofiber solution heated
was heated from 25 — 90 °C in 5 °C intervals and the absorbance was recorded at each temperature interval.
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Cancer Targeting and Drug-Loading
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5.1 Abstract

Passive targeting can be achieved by tuning the dimensions of a nanoparticle vector.
Nanofibers have been highlighted as promising drug-delivery vehicles owing to
morphological advantages such as long circulation times and specificity. Herein, both
passive and active targeting are incorporated in one polymeric nanofiber system. The
nanofibers were prepared from amphiphilic diblock copolymers (diBCP), PFTMC-b-PFr,
with poly(fluorenetrimethylenecarbonate) (PFMTC) and polyfructose (PFr). PFTMC is a
hydrophobic, biodegradable, and crystallizable polymer that has been used as the core-
forming block. PFr is a nontoxic and water-soluble polymer used as corona-forming block
with the ability to target the GLUTS receptor which is overexpressed in triple negative
breast cancer (TNBC) tissue. The ability to control the length of the nanofibers using the
living crystallization-driven self-assembly (CDSA) method in the presence of a PFr
corona-forming block offered the potential of both passive and active targeting. The length
of the PFTMC-b-PFr nanofibers was controlled from ca. 50 — 1200 nm. PFTMC-b-PFr
nanofibers (L, = 395 nm) were transferred to water and were found stable for at least 2
weeks, with no significant change on the length and length-dispersity observed. In addition,
triblock and pentablock nanofibers were prepared via sequential living CDSA with
different spatially-defined segments designed to provide distinct functions. Finally,
preliminary experiments involving a study of the uptake of curcumin, a well-known
hydrophobic drug, were performed. This proof-of-concept work may facilitate the future

development of size-tunable polyfructose containing nanofiber therapeutics.
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5.2 Introduction

Nanoparticle-based therapeutics have been at the forefront for the treatment of
cancer’? and the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) caused
by the COVID-19 virus.® Polymeric nanoparticles represent promising drug-delivery
vehicle alternatives to traditional free-drug therapies. The properties of the nanovectors
such as size, shape, and surface chemistry influence its overall performance.*® Nanofibers
possess morphological advantages that involve high circulation times,® tumor
penetration,”® and low renal® and phagocytosis®!! clearance, when compared to spherical
counterparts. However, morphologically pure polymeric nanofibers are usually
challenging to prepare via amorphous core-forming block copolymer (BCP) self-assembly,
as control of the different factors that influence micelle morphology is difficult,*? and
spherical micelles and vesicles dominate the phase diagram.®® To overcome this issue,
crystallization-driven self-assembly (CDSA) of amphiphilic BCPs has attracted much
attention as a mean to access to morphologically pure BCP nanofiber micelles with a
crystalline core-forming block and a solvophilic corona-forming block.24*8 Moreover, the
addition of unimeric BCP to small nanofiber seeds (prepared via sonication) has allowed
control of nanofiber length from ca. 20 nm to few pm, with length dispersities b < 1.1 via
a method termed living CDSA.1*? Sequential living CDSA with different BCPs has also
allowed the preparation of nanofibers with segmented corona chemistries for a range of
applications 82123

In general, nanoparticle drug vectors can associate with therapeutic molecules that
are otherwise insoluble and, therefore, require a delivery vehicle.?* The binding between a

drug and the nanoparticle increases the circulation time of the pharmaceutical molecule by
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providing a protective ‘barrier’ that can help to lower unwanted early interactions and side
effects.?® Typically, the release of a drug from a nanoparticle vector at specific tissues or
sections of the body would increase the therapeutic efficiency while reducing systemic
toxicity.?® Two main targeting strategies have been developed to increase the efficiency of
nanoparticle-based therapeutics towards specific tissues: passive and active targeting.?’
Passive targeting relies on distribution profiles and circulation times of nanovectors which
are directly linked to the physical properties of the nanoparticles such as size,?® shape,?®
and dispersity (P).>303! Active targeting involves the functionalization of nanoparticles
with moieties or functional groups such as folic acid or antibodies, among others, to interact
with specific cell populations.®-3 Despite the vast progress in the field of nanoparticle-
based therapeutics the design, synthesis, and successful delivery of cargo remains a major
challenge as there is no universal strategy suited for every situation.>*%

Triple-negative breast cancer (TNBC) accounts for 10 — 15% of diagnosed breast
cancers and is considered an aggressive cancer with poor prognosis.®’ Treatment of TNBC
is challenging owing to the absence of estrogen and progesterone receptors with no
overexpression of the human epithermal growth factor receptor 2, which makes targeting
of TNBC an onerous task.3® Breast cancer cells transport fructose and overexpress the
fructose transporter GLUTS5; remarkably, GLUT5 is not overexpressed in healthy breast
tissue.®® Fructose and polyfructose (PFr) can be found in nature,*®*! are part of the human
diet,*>* and are approved by the food and drug administration (FDA).** Therefore, fructose
and PFr are suitable targeting candidates for TNBC. Nanoparticles with a PFr corona-

forming block have demonstrated in vitro targeting abilities towards TNBC tissue.”

Furthermore, BCP spheres,*>#® platelets,>*° and rod-like micelles®®®! with PFr corona-
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forming blocks have been reported. Similarly, BCP spheres, platelets, and nanofibers with
glucose- and mannose-containing coronas have also been synthesized.!*%>*® To our
knowledge, control over the length of BCP nanofibers with PFr coronas with low
length-dispersities (B < 1.1) and potential ability to target TNBC*®! have not been
reported.

In this work, we sought to develop diBCP nanofibers that simultaneously possess
both passive and active targeting for TNBC tissue. Passive targeting can be attained by
both the nanoparticle morphology (i.e. fiber-like), and by tuning the length of the
nanofibers.> To achieve active targeting, PFr was selected as a corona-forming block to
target the GLUTS5 receptor. Poly(fluorenetrimethylenecarbonate) (PFTMC) was selected
as the core-forming block as it has been used to prepare nanofibers of controlled
dimensions via living CDSA and is noncytotoxic.>* Hence, the synthesis and self-assembly
of PFTMC-b-PFr diBCPs was investigated. Triblock and pentablock segmented nanofibers
were targeted via sequential living CDSA to prepare nanofibers with functional segments.
The role of each nanofiber segment may contribute to overcome the different biological
barriers encountered in the human body to effectively increase the efficiency of the drug
delivery process.!?**¢ Curcumin is a natural therapeutic agent extracted from Curcuma
longa that has been used as antioxidant, antimicrobial, anti-inflammatory, antiviral,
anticancer, and recently for treatment of SARS-CoV-2 caused by the COVID-19 virus.>®®’
Hydrogen bonding between fructose and curcumin has been used to prepare well-defined
capsules via self-assembly.>® Based on these precedents, curcumin uptake by PFTMC-b-

PFr nanofibers was briefly investigated.
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5.3 Results and Discussion
5.3.1 Synthesis and Characterization of PFTMCis-b-PFr92 DiBCP

The core-to-corona ratio of the diBCP was based on previous reports that indicate
that ratios between 1:5 to 1:20 generally yield nanofiber micelles.®>*%® To meet with such
requirement a 1:5 ratio was targeted (e.g. PFTMC1s-b-PFrgz). The PFTMC1s-b-PFro;
diBCP (Figure 5. 1) was prepared using a combination of ring-opening polymerization
(ROP) and reversible addition-fragmentation chain-transfer (RAFT) polymerization,
following a reported procedure.®* The monomers spiro[fluorene-9,5'-[1,3]-dioxan]-2'-one
(FTMC), and the 1-O-acryloyl-2,3:4,5-di-O-isopropylidene-g-p-fructopyranose (fructose
monomer) were prepared according to procedures reported by Finnegan et al,>* and Lu et
al,*’ respectively. ROP of the FTMC monomer using 2-cyano-5-hydroxypentan-2-yl ethyl
carbonotrithioate as both small molecule initiator and chain transfer agent (CTA) yielded
PFTMC1s-CTA. The PFTMC1s-CTA homopolymer was characterized using matrix-
assisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry
(4,729 m/z, DP, = 18, Figure S5. 1),%* TH NMR spectroscopy (Figure S5. 2),°* and gel
permeation chromatography (GPC, M, = 4,800, Pm = 1.17, polystyrene standards, Figure
S5. 3).°1 RAFT polymerization of the PFTMCis-CTA with the fructose monomer in
dimethylacetamide yielded the targeted PFTMCs-b-PPFr, diBCP (protected polyfructose)
(PPFr). The DP, value of the PPFr block was determined by comparing the relative *H
NMR integration of the PFTMCig block at 7.87 — 7.25 ppm to the resonance of the PPFr
block at 4.80 —3.58 ppm, and 1.66 — 1.21 and corresponded to PFTMC1g-b-PPFrg,. (Figure
S5. 4). Compared to the trace of the PFTMCis homopolymer, GPC analysis of the

PFTMC1s-b-PPFrg, diBCP indicated an increase of molecular weight (Mn = 15,600, D =
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1.26, Figure S5. 3). Removal of the isopropylidene protecting groups from the PPFrg, block
was conducted in trifluoroacetic acid:H>O (TFA:H20) according to a modified procedure
reported by Ganda and coworkers.??> The DP;, value of the PFr block was determined by
comparing the relative integration of the resonances in the *H NMR spectrum of the
PFTMCs block at 7.95 — 7.06 (144H, Ha, OCH2C) to the resonance of the deprotected PFr
block at 4.51 — 3.36 ppm, and 2.05 — 1.21 and corresponded to PFTMC1s-b-PFrg, (Figure
5.1, S5). The good agreement by *H NMR analysis between the DP,, of the PFTMCs block
and the DP, of the protected PPFro2 and the deprotected PFro> blocks underscored the
successful conversion of PPFrg, to PFro2 and the good stability of the PFTMCags-b-PFro,
diBCP to the reaction conditions (Figure S5. 2, 4-5). Polymer characterization data is

summarized in Table S5. 1.

A \NAN

Figure 5. 1. Color coded structure of the PFTMC1s-b-PFre, diBCP used in this work.
5.3.2 Preparation of Low Length-Dispersity Nanofibers with Controlled Dimensions

Next, the solution state self-assembly of PFTMCis-b-PFro; was investigated in
detail (Figure 5. 2). Dynamic light scattering (DLS) analysis revealed that
dimethylformamide (DMF) was a good solvent for both PFTMC and PFr as the diBCP was
present in unimeric form when solubilized in DMF with a mean hydrodynamic size of Ry,
= 9.8 nm (o = 3.3 nm. Figure S5. 6). The self-assembly of PFTMCis-b-PFrg, via CDSA

involving spontaneous (homogeneous) nucleation to yield nanofibers was attempted in a
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mixture of DMF and MeOH. MeOH had been used successfully for the preparation of
PFTMC-based nanofibers,>*5! hence, it was used as a selective solvent for the hydrophilic
PFr corona-forming block and as a poor solvent for the hydrophobic PFTMC core-forming
block. Spontaneous nucleation of PFTMCas-b-PFre2 was conducted by heating the diBCP
to 75 °C for 3 h in DMF:MeOH (common:selective solvent ratio, v/v), followed by cooling
to 20 °C over a period of 3 h and ageing for 48 h. The DMF:MeOH content was varied
from 10:90 to 40:60 v/v (Figure S5. 7). Transmission electron microscopy (TEM) analysis
revealed that below 30% of DMF content, aggregated, long, and length-disperse nanofibers
were obtained (L, > 2 um, Figure S5. 7B-D). At 40% DMF content morphologically pure
long and length-disperse nanofibers with no evident aggregation were observed by TEM
(Figure 5. 2B, STE). Fragmentation of the length-disperse nanofibers via sonication (3 h at
0 °C) yielded seed nanofibers with an average length L, = 54 nm (b = 1.09, 6 =17 nm.
Figure 5. 2C) by TEM.

Nanofibers of tunable lengths were prepared via living CDSA by adjusting the
Munimer/Mseed (€Quivalents) of PFTMCis-b-PFrg2 unimer supplemented to diluted seed
nanofiber solutions (in DMF:MeOH 40:60), followed by a 48 h ageing period. By
modulating the equivalents of unimer added from 0:1 to 20:1, nanofiber length control was
achieved from Lngeeqy = 54 nm (P =1.09, ¢ =17nm) to L,=1201nm (H = 1.08,
o =335 nm), as observed by TEM (Figure 5. 2D-G, S8). All living CDSA experiments
yielded low length dispersity PFTMC1s-b-PFrg> nanofibers (b < 1.08. Figure 5. 2H-1). In
addition, a linear trend between the final length of the nanofibers vs Mynimer/Mseed ratio was
observed (Figure 5. 2J). The resulting nanofiber length at a given mass of equivalents

(Munimer/Mseed) added was in good agreement with the theoretical length (Lnheory)) and
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experimental error associated with the addition of unimer to seeds of Lneeq) = 54 nm (o =

17. Figure 5. 2J), given by the following equation:

Ly(theory)y = (Ln(seeay X Mhunimer / Mepeq) T Ln(seeay  (€q.1)

To assess if complete unimer consumption was reached after 48 h, TEM analysis
of the PFTMCus-b-PFrg> nanofiber sample with 20 equivalents of unimer added was
conducted after 4 months. Within error, the length and dispersity of the nanofibers
remained unchanged for up to 4 months when compared to the data collected after 48 h as
shown by TEM, consistent with complete unimer consumption within the initial 48 h (20
eqs; 48 h: Ln = 1201 nm, P =1.08, ¢ = 335 nm. 4 months: L, = 1256 nm, P =1.06, o =
313nm. Table S5. 2 and Figure S5. 9). A summary of the contour length analysis of the

PFTMC1g-b-PFrg> diBCP nanofibers is presented in Table S5. 2.
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Figure 5. 2. Preparation of low-dispersity nanofibers of controlled length. A) Schematic representation of
the generation of low-dispersity PFTMCis-b-PFrg; nanofibers by sequential CDSA, sonication, and living
CDSA methods. B) TEM micrograph of disperse PFTMCig-b-PFrg, nanofibers (0.5 mg/mL) prepared in
DMF:MeOH (40:60 v/v), after annealing at 75 °C for 3 h, and ageing for 48 h. C) TEM micrograph of seed
nanofibers (54 nm, b = 1.09, ¢ = 17 nm) prepared through sonication of the disperse nanofibers (from B, in
DMF:MeOH 40:60) for 3h at 0 °C. D-G) TEM images of low-dispersity nanofibers prepared through seeded-
growth by addition of PFTMC1g-b-PFrg; unimer in DMF to nanofiber seed solutions at: D) 1:1 E) 2:1 F) 5:1
and G) 10:1 munimer/Mseed ratios. H) Nanofiber length summary. 1) Contour length histograms of seeds and
low length dispersity nanofibers of controlled lengths J) Plot of munimer/Mseed @gainst experimental and
theoretical length (Ly), error bars indicate standard deviation (n > 150 number of nanofibers). TEM images
were stained with uranyl acetate (3 wt % in MeOH).
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5.3.3 Water Solubility of PFTMCis-b-PFro2 DiBCP Nanofibers

Both DMF and MeOH are known to be toxic solvents for humans.®2* Removal of
DMF and MeOH from PFTMC1s-b-PFrg, nanofibers is therefore required prior to be used
for biomedical applications. Hence, to explore the colloidal stability of PFTMC1g-b-PFrg
nanofibers in water and to remove DMF and MeOH, low-dispersity PFTMC1g-b-PFrg,
nanofibers L, =395 nm (D = 1.06, o = 97 nm, prepared via Living CDSA at 5 Mynimer/Mseed..
Figure 5. 2F) were transferred to water via dialysis. After dialysis and 2 weeks of aging,
the nanofiber solution was clear and no obvious precipitation was observed, elucidating the
good stability of the nanofibers in water. By TEM no change in nanofiber morphology was
observed after dialysis and ageing of the sample (Figure S5. 10A-B). Furthermore, the
lengths of the nanofibers measured before and after dialysis into water and subsequent 2
weeks of aging were similar (before Ly = 395 nm (D = 1.06, ¢ = 97 nm), after L, = 394 nm
(P=1.07, =107 nm. Figure S5. 10C). This evidence indicates the good colloidal
solubility of the diBCP nanofibers in water and demonstrates that no significant nanofiber
fragmentation occurs during the dialysis process.
5.3.4 Preparation of Segmented Nanofibers with Spatially Distinct Corona-Forming
Blocks

After demonstrating the CDSA and living CDSA of PFTMCis-b-PFro; diBCP
nanofibers (Figure 5. 2), we sought to prepare segmented nanofibers containing fractions
made from PFTMC1g-b-PFrg,. We aimed to accommodate the PFTMC1g-b-PFrg, segments
at the ends of triblock nanofibers (Figure 5. 3) since the terminal fractions of segmented
nanofibers are likely more exposed to interact with the environment, consequently, this

would allow better targeting efficiency. Three distinct preformed nanofibers were prepared
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via the living CDSA method according to reported procedures,>®! and characterized by
TEM (PFTMC19-b-PEG275 diBCP nanofibers: Ly = 127 nm, P = 1.06, ¢ = 32 nm. Figure 5.
3A, S11. PFTMCus-b-PNIPAM42s diBCP nanofibers Ly = 127 nm, P = 1.03, o = 22 nm.
Figure 5. 3B, S12. PFTMC1s-b-PBMAu-b-PNIPAM7o triBCP nanofibers L, = 163 nm,
D =1.05, 0 =38 nm. Figure 5. 3C, S13). To the three solutions of preformed nanofibers
(diluted in DMF:MeOH 40:60) 1 or 0.5 equivalents of the PFTMC1s-b-PFrg2 unimer were
added and the solutions were aged for 72 h at 20 °C (Figure 5. 3). The resulting nanofiber
solutions were analyzed by TEM (Figure 5. 3D-F). The segments of the three triblock
nanofibers can be distinguished by TEM from the preformed nanofibers owing to the
higher contrast provided by a higher concentration of staining agent at the PFr-corona block
resulting on darker terminal segments (Figure 5. 3D-F). Contour length analysis revealed
that the resulting lengths of the triblock nanofibers with flanking PFTMC1s-b-PFrgz ends
were in good agreement with the lengths predicted for a living CDSA process (eg. 1)
considering that Lnseed) = Ln Of the preformed nanofibers; PFTMC1s-b-PFrgo-m-PFTMCe-
b-PEG275-m-PFTMC1s-b-PFrg2 nanofibers Ly = 249 nm (D = 1.04, o =47 nm. Figure 5.
3D, S11), PFTMC1s-b-PFro2-m-PFTMCyg-b-PNIPAM425-m-PFTMCag-b-PFrg2 nanofibers
Lh = 297 nm (P=109, o¢=90nm. Figure 5. 3E, S12), and
PFTMCis-b-PFrg2-m-PFTMCag-b-PBMA44-b-PNIPAM70-m-PFTMCag-b-PFrg2 nanofibers
Ln =225 nm (P = 1.08, 0 = 66 nm. Figure 5. 3F, S13). ‘m’ is used to distinguish between
different micellar nanofiber sections. Together, the TEM and contour length data confirm
the preparation of segmented nanofibers with terminal PFr-segments for potential targeting

of TNBC tissue.
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Figure 5. 3. Preparation of low-dispersity triblock nanofibers of controlled lengths. Schematic representation
and TEM micrographs of preformed A) PFTMCie-b-PEG,7s diBCP nanofibers L, =127 nm, b = 1.06,
0=32nm, B) PFTMCg-b-PNIPAM4s diBCP nanofibers L, = 127 nm, =1.03, 6 =22 nm, and C)
PFTMC1s-b-PBMAus-b-PNIPAM7, triBCP nanofibers L, = 163 nm, & = 1.05, ¢ = 38 nm, utilized for cargo
loading (red dots) reported by ourselves.®* Scheme and TEM micrographs of the preparation of triblock
nanofibers (in DMF:MeOH 40:60) after the addition of PFTMCag-b-PFrg; unimer (10 mg/mL in DMF) to
preformed nanofibers in A (1 Munimer/Mseed), B (1 Munimer/Mseed), C (0.5 Munimer/Mseed) With 72 h ageing at 20 °C,
D) PFTMCis-b-PFre;-m-PFTMC1g-b-PEG275-m-PFTMCys-b-PFre, nanofibers L, = 349 nm, D =1.04,
o =47 nm, E) PFTMC1s-b-PFrg-m-PFTMC1g-b-PNIPAM.2s5-m-PFTMCg-b-PFrg, nanofibers L, = 297 nm,
D =1.09, 0 =90 nm, and F) PFTMC1s-b-PFrgo-m-PFTMC1g-b-PBMA44-b-PNIPAM7o-m-PFTMCag-b-PFro;
nanofibers L, = 225 nm, P = 1.08, ¢ = 66 nm.

5.3.5 Preparation of Pentablock Nanofibers

A nanoparticle-based therapeutic must overcome several biological barriers prior
to the successful delivery of payload to a specific site.>*® To increase the circulation time
of the nanofibers with potential targeting capabilities, living CDSA can be used in sequence
to add pegylated diBCP to the ends of the preformed triblock nanofibers to yield pentablock
nanofibers (Figure 5. 4). PEG-containing vectors have been used to increase circulation

times of nanoparticles, decrease immune recognition, enhance the overall efficacy of drug
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delivery vehicles, is nontoxic, and is FDA approved.®*® Furthermore, we have also
reported the low cytotoxicity of PFTMC-b-PEG diBCP nanofibers® making this diBCP an
excellent candidate for such purpose. A solution of PFTMC19-b-PEG275 unimers (10
mg/mL in THF) was therefore added to triblock
PFTMC1s-b-PFre2-m-PFTMC1g-b-PBMA44-b-PNIPAM70-m-PFTMC1g-b-PFrg2 nanofibers
(Lh =225 nm, B =1.08, 0 = 66 nm. Figure 5. 3F, 4A). Segmented nanofibers with newly
grown segments were analyzed by TEM (Figure 5. 4B). Contour length analysis of the
nanofibers indicated an increase of the length to L, = 354 nm (D = 1.08, o = 98 nm. Figure
S5. 13). Within error, the resulting length of the nanofibers was consistent with the addition
of 0.36 equivalents of unimer to the triblock nanofibers given by eq. 1 (Figure S5. 13). The
TEM and contour length analysis indicated the successful preparation of pentablock
nanofibers with the following arrangement: PFTMC19-b-PEG275-m-PFTMC1s-b-PFroz>-m-
PFTMC1s-b-PBMA4s-b-PNIPAM70-m-PFTMC1s-b-PFrgo-m-PFTMC19-b-PEG275  (Figure
5.4B, S13). The pentablock nanofiber is constituted by PEG terminal segments with stealth
properties, two intermediate PFr targeting segments, and a middle triBCP segment
dedicated for encapsulation of cargo® (Figure 5. 4C). The symmetric C-B-A-B-C
pentablock nanofiber arrangement possesses three distinct corona forming-blocks that can
be utilized at different stages of the drug delivery process (Figure 5. 4C). It is noteworthy
to mention that different segmented nanofiber configurations and other corona-forming
blocks can be incorporated via sequential living CDSA, however, the most efficient design

must be experimentally determined.
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Figure 5. 4. Preparation of low-dispersity pentablock nanofibers of controlled length. A) Schematic
representation and TEM micrograph of triblock PFTMC1s-b-PFre;-m-PFTMCyg-b-PBMA4s-b-PNIPAM7o-m-
PFTMCis-b-PFrg; nanofibers (L, = 225 nm, = 1.08, ¢ = 66 nm), and B) pentablock PFTMC19-b-PEG27s-
m-PFTMCls-b-PFl’gz-m-PFTMCls-b-PBMA44-b-PN|PAM70-m-PFTMCls-b-PFrgz-m-PFTMClg-b-PEG275
nanofibers (L, = 354 nm, ©=1.08, 6 =98 nm). C) Side view of the schematic representation of the
pentablock nanofibers with the function of each segment.

5.3.6 Preliminary Investigation of the Loading of Curcumin into PFTMCis-b-PFro:

Nanofibers

Finally, a preliminary exploration of the preparation of nanofiber-based
therapeutics was performed through a study of the association of curcumin to PFTMC1s-b-
PFrg, nanofibers. Curcumin is a natural therapeutic compound,®>°7 is hydrophobic, and can
hydrogen bond to fructose molecules.>® The hydrogen bonding between curcumin to the
PFr-corona was explored as a route to prepare loaded nanofibers (Figure 5. 5). The
nanofibers and the curcumin were transferred to water via the preformed-nanoparticle
solvent-switch loading (PNSL) method.5! The PNSL procedure allows to control the
solvent-switch transfer to water via a syringe-pump (flow rate = 100 puL/min) enabling
hydrophobic cargo to accommodate near the hydrophobic core of crystalline-core
nanofibers, and to potentially associate with the PFr corona-forming block, achieving

nanofiber loading.

271



Chapter 5

Curcumin (in MeOH) was added to preformed PFTMC1s-b-PFrg2 diBCP nanofibers
(in DMF:MeOH 40:60. Ln =395 nm, & = 1.06, ¢ = 97 nm. Figure 5. 2F, 5B). The nanofiber
(0.1 mg/mL) with curcumin (1 wt %) solution was transferred to water via the PNSL
process (Figure 5. 5A-B). TEM analysis of the resulting nanofiber sample revealed
colocalization of large curcumin aggregates along the axis of preformed PFTMC1s-b-PFro2
nanofibers (Figure 5. 5C). Contour length analysis of the nanofibers after loading with
curcumin revealed no significant change of the nanofiber length (L, = 411 nm, D = 1.08,
o =117 nm. Figure 5. 5D). A purification step appears to be required as curcumin
aggregates that are not associated with the nanofibers can be observed by TEM (Figure 5.
5E). Based on the TEM data, the reported hydrogen bonding association of curcumin with
fructose,® and the evidence of hydrophobic cargo accumulation at the core-corona
interface shown in Chapter 3, and in references 87, it is possible for curcumin to associate
with the PFr corona forming-block at the edge of the hydrophobic PFTMC core-forming
block. We hypothesize that the large-sized curcumin aggregates on the nanofiber axis may
result from initial association of curcumin with the PFr-corona which provides nucleation
sites for further curcumin accumulation. However, further work is required to prove the
curcumin-PFr association and not random aggregation of curcumin on the nanofiber axis,
as nonbonded aggregates were present (Figure 5. 5E). Future work will focus on
optimization of the curcumin loading conditions, selection of an adequate purification
method, proving the association of curcumin with the PFr corona, and quantification of
curcumin uptake by PFTMC-b-PFr nanofibers. The results presented here may open the
door to the facile preparation of curcumin loaded nanofiber-therapeutics with noncytotoxic,

degradable, and FDA approved components.*>
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Curcumin Loaded PFr-Based Nanofibers
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Figure 5. 5. A) Scheme of the association process of curcumin (1 wt %) with low-dispersity PFTMCjg-
b-PFrg; nanofibers (0.1 mg/mL in DMF:MeOH 40:60) by transfer to H,O via the PNSL method. TEM
micrographs of low-dispersity PFTMCis-b-PFrg; diBCP nanofibers; B) before (L, = 395 nm, H = 1.06,
o =97 nm), and C) after curcumin association via the PNSL method (L, = 411 nm, P =1.08, o = 117 nm).
D) Contour length histograms (from B and C) of PFTMCs-b-PFrg; nanofibers before (red) and after (blue)
loading with curcumin. E) TEM micrograph of curcumin aggregates nonbounded to PFTMCg-b-PFrg,
nanofibers.

273



Chapter 5

5.4 Summary and Conclusions

Well-defined PFTMCas-b-PFrg2 diBCP nanofibers with a crystalline core-forming
block (PFTMC) and a water-soluble polyfructose (PFr) corona-forming block were
prepared. Length-controlled and morphologically pure nanofibers were obtained via the
living CDSA of PFTMCs-b-PFrez. The length of the nanofibers was controlled from ca.
50 — 1200 nm with low length dispersities (P < 1.09) as determined by TEM analysis. Both
passive and active targeting were potentially attained in one nanoparticle system via the
modulation of the PFTMCigs-b-PFre> diBCP nanofiber length and by incorporation of a
GLUTS targeting corona-forming block.

Addition of unimeric PFTMCig-b-PFrg> diBCP to three solutions of preformed
PFTMC19-b-PEG275, PFTMC1s-b-PNIPAM425, and PFTMCis-b-PBMA4s-b-PNIPAM7o
nanofibers yielded triblock segmented nanofibers with terminal PFTMCg-b-PFrg,
segments via living CDSA, as demonstrated by TEM. Addition of unimeric PFTMC19-b-
PEG275 to a solution of triblock segmented nanofibers yielded pentablock segmented
nanofibers with terminal PFTMC19-b-PEG275 segments, intermediate PFTMCis-b-PFro.
blocks, and a middle PFTMC1s-b-PBMAu4s-b-PNIPAM7o segment. Hence, living CDSA
was used to prepare nanofibers with spatially defined segmented chemistries to build
nanofibers with segments suited for the multiple stages of the drug delivery process. In this
regard, the pentablock segmented nanofibers present terminal stealth blocks (PEG),% with
intermediate targeting segments (PFr),*** and a middle component dedicated to
encapsulation (PBMA-b-PNIPAM).%!

Proof-of-concept studies indicate that curcumin may associate with the PFr corona

of PFTMCis-b-PFrg> nanofibers, as curcumin aggregates were observed along the
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nanofiber axis and at the edge of the hydrophobic crystalline core-forming block. However,
further evidence is required to demonstrate such association instead of random curcumin
aggregation in the PFr corona along the nanofiber axis. Optimization of loading conditions,
purification, and quantification of the amount of curcumin taken by the nanofibers is the
focus of current work in our group. Cautious assessment on the effect of curcumin will be
required as it has been identified as a pan-assay interreference compound.’®"2 In the future,
we aim to experimentally study the targeting properties of PFTMC-b-PFr-containing
nanofibers. We believe that this work paves the way for the development of PFr-containing
nanofiber therapeutics that incorporate both passive and active targeting and may
outperform traditional spherical nanoparticle vectors owing to the morphological, size-

tunable, and segmented chemistries permitted by our self-assembly process.
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5.5 Supporting Information
5.5.1 General Considerations and Instrumentation

FTMC was synthesized according to the procedure reported by Finnegan et al.>*
Synthesis of the fructose monomer (FrM, 1-O-acryloyl-2,3:4,5-di-O-isopropylidene-$-p-
fructopyranose) was synthesized according to the procedure reported by Lu et al.*
Synthesis of 2-cyano-5-hydroxypentan-2-yl ethyl carbonotrithioate (RAFT-CTA) was
prepared according to the procedure reported by Arno et al.®® Synthesis and
characterization of PFTMC-CTA from reported procedure.’? Synthesis, characterization
and self-assembly of PFTMC-b-PNIPAM and PFTMC-b-PEG diblock copolymers
(diBCP) were previously reported by our group.®* All other reagents and solvents were
purchased from Sigma-Aldrich (Canada), VWR (Canada), or Fisher Scientific (Canada)
and used as received unless otherwise noted. DMF and MeOH for self-assembly were of
HPLC grade and were filtered through nylon with a pore size of 200 nm before use. Ring-
opening reactions were carried out in an MBraun 200B glove box under a nitrogen
atmosphere or using standard Schlenk line techniques. RAFT polymerizations were
performed in  custom-made schlenk-vials to fit dry heating blocks.
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) was dried over CaHz, and purified by
distillation under reduced pressure. Anhydrous solvents were dried and purified using an
MBraun Grubbs/Dow solvent purification system.®

Ultrasonication

Micelle sonication was carried out using a Fisherbrand 112xx series advanced
ultrasonic cleaner (FB-11203). The instrument was operated in sweep mode at 80% power

and 37 MHz at 10 °C.
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NMR Spectroscopy

'H NMR spectra were obtained using a Bruker 500 MHz spectrometer with CD,Cl, (*H
NMR: & = 5.32 ppm), or DMSO-ds (*H NMR: & = 2.50 ppm) as the solvents. Chemical shifts are
quoted in parts per million, with spectra referenced to the residual solvent peak. Multiplicities are
abbreviated as brs (broad singlet), s (singlet), d (doublet), t (triplet), q (quartet), p (pentet), m

(multiplet) and app. (apparent) or combinations thereof.

Gel permeation chromatography (GPC)

GPC was conducted on a Malvern OMNISEC chromatograph equipped with a
refractive index (RI), UV/Vis photodiode detector array, light scattering detector and
viscometer. Triethylamine/THF (1% v/v) was used as the eluent, with the flow rate set at 1
mL/min. The columns used were grade T3000, followed by T5000 (Viscotek) at a constant
temperature of 35 °C. The calibration (universal) of the RI detector was carried out using
polystyrene standards (Viscotek). Samples were prepared at 1 mg/mL in eluent and filtered

through a polytetrafluorethylene membrane filter, pore size = 0.2 um.

277



Chapter 5

Matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-
TOF MS)

MALDI-TOF MS measurements performed using a Bruker Ultraflextreme running
in linear mode. Samples were prepared using a trans-2-[3-(4-tert-butylphenyl)-2-methyl-
2-propenylidene]malononitrile matrix (20 mg/mL in THF) and the polymer sample (2
mg/mL in THF), mixed in a 10:1 (v/v) ratio. Approximately 3 uL of the mixed solution
was deposited onto a stainless-steel sample plate and allowed to air dry.

Transmission electron microscopy (TEM)

TEM images were obtained on a JEOL 1011 microscope with an 11 Megapixel
CCD camera, operated at 80 kV. Samples were prepared by drop-casting 7.5 pL of the
micelle solution onto a carbon-coated copper grid, followed by drop-casting 10 pL of
uranyl acetate in MeOH (3 wt %). The staining solution interacts well with the PFrg,
corona-forming block, leaving the core-forming block unstained resulting in a bright core
with a dark contrast. Sample concentrations for TEM analysis were either 0.5 or 0.1 mg/mL
based on nanofiber concentration. Copper grids (400 mesh) were purchased from Ted
Pella, and carbon films (ca. 6 nm) were prepared on mica sheets by carbon sputtering with
a Leica ACE 600 carbon coater. The carbon films were deposited onto the copper grids by
floatation on water and the carbon-coated grids were allowed to dry in air.

For micelle contour length analysis, a minimum of n = 150 nanofibers (unless
otherwise indicated) in several images were traced manually using the ImageJ software
package developed at the US National Institute of Health. The number average micelle
length (Ln) or width (W,) and weight average micelle length (Lw) were calculated using eq.

S1-2 from measurements of the contour lengths (Li) of individual micelles, where Ni is the
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number of micelles of length Li, and n is the number of micelles examined in each sample.
The distribution of micelle lengths is characterized by P = Lw/Ln.

n
i=1 NiL;

n 2
[ = &=t N;Ly
Z?:lNi w

L, = =
n n i1
iz NiLi

(eq. S1-2)

Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) experiments were carried out using a Zetasizer Pro.
Samples of different polymer concentrations were prepared in filtered solvents by passing
through a 0.45 um nylon membrane filter into an optical quartz glass cuvette (PCS8501
type, 10.0 mm light path). The correlation function was acquired in real time and analyzed
with a function capable of modelling multiple exponentials (Cumulant analysis). This
process enabled the diffusion coefficients for the component particles to be extracted, and
these were subsequently expressed as the intensity weighted mean hydrodynamic size (Rn,;)
using the Stokes-Einstein relationship for coated spheres in DMF (Refractive Index = 1.43,
Dispersant Viscosity = 0.92, Dispersant Dielectric Constant = 37.8), with core properties

of polystyrene latex (Refractive Index = 1.590, Absorption = 0.010).
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5.5.2 Synthetic Procedures

5.5.2.1 Synthesis of PFTMCi1s-CTA

Scheme S5. 1. Synthesis of PFTMC1s-CTA by ring-opening polymerization of FTMC.

o (0} (0} CN S
j\ /Ti/\/ A% 08005 aue H\OOTOOTOMSJ\SA
Sateale s Nagvacivey
0 00 )

To a solution of 2-cyano-5-hydroxypentan-2-yl ethyl carbonotrithioate®® in
anhydrous CH2Cl> (500 pL, 100 mg/mL, 0.2 mmol, 1.0 eq), DBU (24 pL, 24.4 mg, 0.16
mmol, 0.8 eq) was added in an oven-dried round bottom flask equipped with a magnetic
stirring bar. To the stirring solution, FTMC (1.01 g, 4.0 mmol, 20 eq) in anhydrous CH.Cl
(6 mL) was added, and the reaction mixture was stirred at room temperature for 1 h, before
the reaction mixture was quenched by the addition of benzoic acid (100 mg). The crude
product was purified by precipitation into 0 °C diethyl ether three times, followed by
precipitation into methanol at 0 °C three times, and drying in vacuo to yield PFTMCgs-
CTA as a yellow solid (1.0 g, 95%).%!

MALDI-TOF MS [M]" found: 4729.3, DPy: 18.

GPC: Mn =4,800, bm = 1.17.

]

H J.J__- J-L-. CN §
Lo Tk, Raes
(-0 [

- =T
IH NMR (500 MHz, CD,Cl2) 5 7.78 — 7.69 (36H, m, Hi), 7.61 — 7.47 (36H, m, Hi),
7.44 —7.34 (36H, m, Hi), 7.32 — 7.19 (36H, m, Hi), 4.50 — 4.27 (70H, m, Hh), 4.07 (2H, t,
J=5.2 Hz, Hg), 3.70 (2H, d, J = 6.4 Hz, Hf), 3.31 (2H, dd, J = 7.4 Hz, He), 2.22 - 2.13
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(1H, m, Hd), 2.06 — 1.98 (1H, m, Hd), 1.87 (2H, h, Hc), 1.80 (3H, s, Hb), 1.31 (3H, t,J =
7.4 Hz, Ha). The 'H ratio of g/f indicates the CTA capping efficiency. *H integration is

based on ‘f* (HOCHy).

5.5.2.2 Synthesis of protected PFTMCis-b-PPFro2

Scheme S5. 2. Synthesis of PFTMCqg-b-PPFrg, by RAFT polymerization.

B o] N B o] N
H \o OJL\O\/\/T\SJSLS/\ AIBN H~\o OL\O\/\)CE\'I"\SJ?LS/\
9%y od KO 53
: 203

- 17 (o] - -18
(o} (o}
o NAK A
o

A

PFTMC1s-CTA (15 mg, 0.003 mmol, 1 eq), fructose monomer (FrM, 1-O-acryloyl-
2,3:4,5-di-O-isopropylidene-p-p-fructopyranose, 249 mg, 0.8 mmol, 250 eq), and AIBN
(0.1 mg, 0.6 umol, 0.2 eq) were dissolved in dimethylacetamide (1.6 mL, DMAC) in a
custom-made schlenk-vial followed by four freeze-pump-thaw cycles. The vial with the
reaction mixture was placed in a preheated dry heating block and heated to 70 °C for 16 h.
The reaction was quenched by submersion in liquid nitrogen. The product was precipitated
three times in methanol at 0 °C. The product was dried in vacuo to yield the protected
PFTMC1s-b-PPFrg; as a pale yellow solid (111 mg, 42%).

GPC: M, = 15,600, bm = 1.26.

- 0
Hi—0 0'”"“-0 CNC C ..fL.
~
b b 2 S S
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IH NMR (500 MHz, CDCl2) & 7.87 — 7.25 (144H, m, Ha), 4.80 — 3.58 (762H, m,
Hb), 1.66 — 1.21 (1277H, m, Hc). The DP, value of the PPFr block was determined by
comparing the relative *H NMR integration of the PFTMCs block at 7.87 — 7.25 ppm
(144H, Ha, OCHC) to the resonance of the PPFr block at 4.80 — 3.58 ppm, and 1.66 — 1.21

and corresponded to PFTMC1s-b-PPFro,.

5.5.2.3 Synthesis of deprotected PFTMCis-b-PFro:

Scheme S5. 3. Synthesis of deprotected PFTMC1g-b-PFrgs.

OH
HO OH

Deprotection of the PFTMC1s-PPFro> was conducted by according to a modified
procedure reported by Ganda et al.? PFTMCas-PPFro; (50 mg, 0.001 mmol) was dissolved
in 3 mL of 9:1 trifluoroacetic acid:H>O (TFA:H>0) for 1 h. The reaction was quenched by
addition of excess MeOH. The resultant solution was dialyzed against 1 L of Milli-Q water
for 72 h (molecular weight cut-off (MWCO) = 3,500 Da. Spectra/Por). The Mili-Q water
was replaced 5 times. The supernatant was collected and subsequently freeze dried to yield
the deprotected PFTMCag-b-PFrg2 as a white solid (27 mg, 69%).

GPC analysis was not conducted as PFTMC1g-b-PFrg; is not soluble in THF.
5

JLSA

HII}
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'H NMR (500 MHz, DMSO-ds) & 7.95 — 7.06 (144H, m, Ha), 4.51 — 3.36 (1388H,
m, Hb), 2.05 — 1.21 (284H, m, Hc). The DP, value of the PFr block was determined by
comparing the relative *H NMR integration of the PFTMCis block at 7.95 — 7.06 (144H,
Ha, OCH>C) to the resonance of the PFr block at 4.51 — 3.36 ppm, and 2.05 — 1.21 and

corresponded to PFTMC1g-b-PFrgy.
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5.5.3 Self-Assembly Procedures

Composition of all solvents given in v/v

Self-nucleation of PFTMCis-b-PFro2. PFTMCys-b-PFrg, (0.5 mg) were placed in
a vial, followed by addition of a mixture of DMF:MeOH (10 — 40% DMF, 1 mL). The
resulting solution (0.5 mg/mL) was manually shaken for ~15 s and heated to 75 °C for 3 h.
The solution was cooled to 20 °C over 3 h, and aged for 48 h. The resulting solutions
contained morphologically pure nanofibers with disperse lengths, as analyzed via TEM.

Preparation of PFTMCas-b-PFre2 seed nanofibers. PFTMCig-b-PFrg, disperse
nanofibers (1 mL, 0.5 mg/mL, 40:60 DMF:MeOH) were fragmented by ultrasonication for
3 hat 0 °C. The resulting seed nanofibers were analyzed by TEM (L, =54 nm, b = 1.09,
o =17 nm).

Preparation PFTMCis-b-PFre2 nanofibers of controlled length and low
dispersity by seeded growth (living CDSA). For seeded growth assemblies aliquots of
PFTMCs-b-PFrg2 unimer (10 mg/mL in DMF), equivalent to corresponding Munimer/Mseed
(1 - 20), were added to diluted seed nanofiber solutions in DMF:MeOH (40:60, 200 uL)
at 20 °C. The self-assembly solutions in MeOH (0.1 mg/mL, DMF content: 40 — 50% in
MeOH) were manually shaken for ~15 s and aged for 48 h at 20 °C.

Preparation of triblock nanofibers

To prepare segmented nanofibers with spatially distinct coronal chemistries via the
seeded growth method, aliquots of PFTMCis-b-PFro, unimer (2 or 4 pL, 10 mg/mL in
DMF), equivalent to 0.5 or 1 munimer/Mseed (€quivalent), were added to diluted preformed
nanofiber solutions in 40:60 DMF:MeOH (0.2 mg/mL, 200 pL) at 20 °C. The self-
assembly solutions were manually shaken for ~15s and aged for 48 h at 20 °C. The

resulting nanofibers were analyzed by TEM
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The preformed nanofibers were made via the seeded growth method following
reported procedures from PFTMCio-b-PEGy75 (Ln = 127 nm, D =1.06, ¢ =32 nm),>*
PFTMC1s-b-PNIPAM42s (Ln = 127 nm, D = 1.03, ¢ = 22 nm, Chapter 3), and PFTMCs-b-
PBMAu4-b-PNIPAM7o (Ln = 163 nm, H = 1.06, o = 38 nm).%*

Preparation of pentablock nanofibers

To solution containing nanofibers with three distinct segments (i.e.,
PFTMC1s-b-PFrg2-m-PFTMC1s-b-PBMA4s-b-PNIPAM70-m-PFTMC1g-b-PFrgz, Ly = 225
nm, P =1.08, ¢ =66 nm) an aliquot of PFTMCis-b-PFrg> unimer (4 pL, 10 mg/mL in
DMF), equivalent to 0.36 munimer/Mseed, Were added to the segmented nanofiber solution in
40:60 DMF:MeOH (0.2 mg/mL, 200 pL) at 20 °C. The self-assembly solutions were
manually shaken for ~15s and aged for 48 h at 20 °C. The resulting nanofibers were

analyzed by TEM.
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Table S5. 1. Summary of molecular weight data for PFTMC1s-CTA, and PFTMC1g-b-PPFrg, polymers.

M (g/mol) M (g/mol)
Polymer HPm GPC DPn NMR DP» MALDI-TOF
GPC GPC
PFTMCnm 4,800 5,600 1.17 m =18 18
PFTMC1s-b-PFr 15,600 19,700 1.26 n=92 -

Table S5. 2. Statistical analysis of contour length measurements for PFTMCs-b-PFrg; diBCP nanofibers
prepared via seeded growth at 20 °C, in DMF:MeOH solvent mixtures (DMF = 40 — 50%), measured via
TEM. The number of nanofibers measured is represented by n, and o represents the standard deviation of the
measured length, and Li/eq corresponds to the L, of the nanofibers per mass equivalent of triBCP in the

sample.
Munimer/Mseed
Length

Seeds 1 2 5 5° 10 15 20 20*
n 152 158 173 172 150 161 165 159 150
Ly (nm) 54 109 194 395 394 639 1035 1201 1256
Lw (nm) 59 118 206 418 423 675 1069 1294 1334
D 1.09 1.08 1.06 1.06 1.07 1.06 1.03 1.08 1.06

Ln/eq

54 54 65 66 66 58 65 57 60

(nm)
o (nm) 17 32 49 97 107 153 188 335 313
o/ Ln 0.31 0.29 0.25 0.25 0.27 0.24 0.18 0.28 0.25

°Measured 2 weeks after transfer to H,O. *Measured 4 months after the sample was originally prepared.
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Figure S5. 1. MALDI-TOF MS spectra of PFTMC1s. The red square represents the area expanded in B. RP:
repeating unit. Reproduced from ref 5,
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Figure S5. 2. 'H NMR spectra (in CD2Cl) of PFTMC15-CTA. Reproduced from ref 6.
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Figure S5. 3. GPC (refractive index) traces of in triethylamine/THF (1% v/v) 1 mL min?, at 35 °C of
PFTMC1s homopolymer capped with the CTA (black trace, 1 mg/mL), PFTMC1g-b-PPFrgy, protected diBCP
(blue trace, 1 mg/mL). The y-axis reflects the distribution of weight fractions by molecular weight. Adapted

from ref 62,
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Figure S5. 5. 'H NMR spectra (in DMSO-dg) of fructose-deprotected PFTMC1g-b-PFrgp.
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Figure S5. 6. DLS of the fructose-deprotected PFTMCis-b-PFrg, diBCP in dimethylformamide (DMF); Ry,
=9.8nm, ¢ =3.34 nm.
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Figure S5. 7. Solvent screening conditions for the spontaneous self-nucleation of PFTMC1g'b-PFrg; to yield
nanofibers via CDSA A) Schematic representation of spontaneous self-nucleation process. B-E) TEM
micrographs of the resulting assemblies at different solvent mixtures in DMF:MeOH (v/v); B) 10:90. C)
20:80, D) 30:70, and E) 40:60.
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Seeds Low dispersity nanofibers

Figure S5. 8. A) Schematic representation of the generation of low-dispersity nanofibers made from
PFTMCis-b-PFrg;. B-C) TEM micrographs of seed nanofibers prepared by sonication for 3 h at 0 °C. TEM
micrograph of low dispersity nanofibers of controlled length prepared via Living CDSA at Munimer/Mseed ratios
added to solutions of seed nanofibers. D-E) Mynimer/Mseed = 15:1 (Ly = 1035 nm, = 1.03, o = 188 nm). F-G)
Munimer/Mseed = 20:1 (Ly = 1201 nm, H = 1.08, o = 335 nm).

292



Chapter 5

E . : . . .
3 1.00; $ 20 egs.
% 4 4 Months
3 0.75] :
o
—
:étlso- -
g
5 0.25; :
=z
0.00

0 1000 2000 3000 4000 5000
Length (nm)

Figure S5. 9. TEM micrographs of PFTMC1g-b-PFrg; nanofibers prepared via the seeded growth (living
CDSA) after the addition of 20 Mynimer/Mseed (€Quivalent) of PFTMCig-b-PFrg; unimer: A-B) after 48 h; L, =
1201 nm (P = 1.08, ¢ = 335 nm. In DMF:MeOH 40:60), and C-D) after 4 months; L, = 1256 nm (& = 1.06,
o =313 nm). E) Contour length histograms of the nanofibers in A and B.
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Figure S5. 10. TEM micrographs of PFTMC1s-b-PFrg; nanofibers prepared via the seeded growth (living
CDSA) after the addition of 5 Mynimer/Mseed (eqUiValent) of PFTMCis-b-PFrg; unimer: A) before L, = 395 nm
(D =1.06, o =97 nm. In DMF:MeOH 40:60), and B) after dialysis to water and 2 weeks of aging L, = 394
nm (P = 1.07, ¢ =107 nm. 1 L, 5 water replacements, 72 h. MWCO: 3,500 Da). C) Contour length histograms
of the nanofibers in A and B.
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Figure S5. 11. Contour length histograms (from TEM micrographs, Figure 5. 3A) of the PFTMC19-b-PEG275
diBCP nanofibers (L, = 127 nm, = 1.06, o = 32 nm, red), and triblock PFTMC1g-b-PFrg,-m-PFTMC1e-b-
PEG275-m-PFTMCag-b-PFrg, nanofibers (L, = 349 nm, D = 1.04, 6 = 47 nm, blue) after the addition of 1
Munimer/Mseed (€quivalent) of PFTMCis-b-PFrg; unimer (in DMF) to PFTMCig-b-PEG27s nanofibers (in
DMF:MeOH 40:60). NF: nanofiber. ‘m’ is used to indicate different segments of the nanofibers. Only the
corona-forming blocks were used in the legends for clarity.
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Figure S5. 12. Contour length histograms (from TEM micrographs, Figure 5. 3B) of the PFTMCas-b-
PNIPAM.zs diBCP nanofibers (L, = 127 nm, P = 1.03, o = 22 nm, red), and triblock PFTMCs-b-PFrg,-m-
PFTMCis-b-PNIPAM425-m-PFTMCig-b-PFry; nanofibers (L, = 297 nm, B = 1.09, ¢ = 90 nm, blue) after the
addition of 1 Munimer/Mseed (€quivalent) of PFTMCig-b-PFrg2 unimer (in DMF) to PFTMCis-b-PNIPAM 425
nanofibers (in DMF:MeOH 40:60). NF: nanofiber. ‘m’ is used to indicate different segments of the
nanofibers. Only the corona-forming blocks were used in the legends for clarity.
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Figure S5. 13. Contour length histograms (from TEM micrographs, Figure 5. 3C and 4) of the PFTMC1s-b-
PBMA4-b-PNIPAM7, triBCP nanofibers (L, = 163 nm, = 1.05, ¢ = 38 nm, red). Triblock PFTMCg-b-
PFrg2-m-PFTMCig-b-PBMAus-b-PNIPAM<7o-m-PFTMC1s-b-PFrg; nanofibers (L, = 225 nm, H=1.08,
o = 66 nm, blue) after the addition of 0.5 Munimer/Mseed (€quivalents) of PFTMCag-b-PFrg; unimer (in DMF) to
PFTMC1s-b-PBMA4-b-PNIPAM7o nanofibers (in DMF:MeOH 40:60). Pentablock PFTMC19-b-PEG275-m-
PFTMClg-b-PFrgz-m-PFTMCm-b-PBMAm-b-PN|PAM7o-m-PFTMC18-b-PFrgz-m-PFTMClg-b-PEG275 (Ln =
354 nm, B =1.08, o = 98 nm, orange) after the addition of 0.36 Mynimer/Mseca (€Quivalents) of PFTMC1e-b-
PEG,7s unimer (in THF) to PFTMClg-b-PFrgz-m-PFTMClg-b-PBMA44-b-PN|PAM7o-m-PFTMC18-b-PFr92
triblock nanofibers (in DMF:MeOH 40:60). NF: nanofiber. ‘m’ is used to indicate different segments of the
nanofibers. Only the corona-forming blocks were used in the legends for clarity.
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Summary and Future Work

The work presented in this thesis demonstrates the versatility of living CDSA to
yield morphologically pure, length-controlled, and low length dispersity nanofibers from
PFTMC-based BCPs. The general aim of this work is to contribute to the development of
high aspect ratio polymeric micelles prepared via living CDSA methods for biomedical
applications. This work lays the foundation for the development of crystalline core-forming
BCP nanofibers for drug delivery applications, medical treatments, and material

composites with previously inaccessible cargo loaded nanofibers and fiber-like networks.

6.1 Loading of Coaxial Core Nanofibers

One of the largest unresolved challenges for nanoparticles with crystalline core is
the inability to load cargo in the micelle interior.>? Chapter 2 demonstrates how nanofibers
with a crystalline core-forming block can be loaded with hydrophobic cargo. The aim of
this project was to combine the features of BCP nanofibers with a crystalline core prepared
via living CDSA (uniform morphology and controlled size) with the ability to load cargo
of amorphous core-forming nanoparticles.®> For this purpose, triBCP nanofibers were
designed to comprise a crystalline inner core (PFTMC), an amorphous outer core (PBMA),
and a solubilizing corona-forming block (PNIPAM), i.e., PFTMCis-b-PBMAu-b-
PNIPAM7o. In selective solvent mixtures, nanofibers of precise lengths with low
dispersities were prepared via the living CDSA method. The PBMA block was initially
soluble in the selective solvent mixture but became insoluble upon transfer to water.

Preformed triBCP nanofibers in the presence of hydrophobic cargo were slowly transferred
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from the selective solvent mixture to water via a syringe pump, resulting in encapsulation
of the hydrophobic fluorescent dye NR in the PBMA outer core. Slow transfer to water
minimized nanofiber fragmentation and facilitated cargo uptake by low dispersity
nanofibers with lengths relevant for drug delivery (~125 nm).* Optimal conditions for
cargo loading were found at a ratio of 1 wt % hydrophobic cargo to polymer with ca. 600
— 667 ng of NR loaded per mg of nanofiber.

Future work will focus on optimization of the triBCP polymer blocks to increase
the amount of cargo that can be loaded by coaxial core nanofibers. For instance, the DP,,
of the PFTMC could be reduced from 18 to 8. Preliminary results have shown that PFTMCg
is sufficiently long to undergo CDSA which would minimize the volume occupied by the
crystalline core, thereby increasing the volume fraction of the outer core and the loading
capacity. Additionally, the DP, of the PBMA could be maximized to allow for a larger
encapsulation volume. Assessment of the release kinetics for in vitro or in vivo cargo
delivery is also an important future direction. For this to be enabled, collaborations with
experts in the field will need to be set up. Broadening the scope of hydrophobic drug
molecules that can be loaded onto coaxial core nanofibers is vital. Loading of hydrophobic
anticancer molecules such as paclitaxel, doxorubicin, docetaxel, vincristine, and curcumin,
to name a few, are interesting avenues with great potential.> So far, NR was loaded into the
PBMA outer-core based on hydrophobic interactions. However, assessment of the
Hildebrand solubility parameter between the outer-core polymer and the drug (Ypolymer-drug)
has not been considered. This may lead to the selection of optimal outer-core polymer
blocks for a particular drug, thereby maximizing the loading of coaxial-core nanofibers by

increasing its miscibility.®
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6.2 Loading of DiBCP Nanofibers

In Chapter 2, comparative studies of hydrophobic cargo loading at the core-corona
interface by diBCP nanofibers indicated that cargo uptake was possible without an
amorphous outer core. Recently, amorphous core-forming BCP spherical micelles were
reported to load cargo at the core-corona interface.” The work described in Chapter 3
involves an investigation of cargo loading at the core-corona interface by diBCP nanofibers
with a crystalline core. Three PFTMC-based diBCP nanofiber systems with corona-
forming blocks of different compositions and lengths were studied (i.e., PNIPAM4zs,
PEG275, PEGs30). Fluorescence spectroscopy analysis of length-controlled and low
dispersity nanofibers indicated that cargo uptake takes place at the core-corona interface
and is independent of the chemical identity and DP; of the corona-forming block. Cargo
loading analysis indicated no statistically significant differences among the means of NR
loaded by the three diBCP nanofiber systems studied (ca. 250 ng of NR per mg of polymer).
The crystalline core radii of the three nanofiber systems were found to be similar (ca. 4.5
nm), consistent with the near-identical values of DP, (18 — 19) for the PFTMC
core-forming block. The similar quantities loaded by the three nanofiber systems and the
matching core radii dimensions suggest a loading mechanism where cargo accumulates at
the core-corona interface and is directly influenced by the surface area of the crystalline
core of diBCP nanofibers. Although the loading by diBCP nanofibers is 2 — 3 times less
efficient than coaxial core nanofibers, the design is considerably simpler, making them
more accessible.

The polymer design of the three nanofiber systems studied in this chapter is

unoptimized. Therefore, future work will focus on improving the loading capacity of
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nanofibers by increasing the DP,, of the PFTMC block to enhance the surface area of the
crystalline core of diBCP nanofibers. Initially, similar drug molecules suggested for
loading as future work for Chapter 2 can also be used for loading diBCP nanofibers. This
would allow to investigate and compare loading differences based on the substrate and the
nanofiber system used (diBCP or coaxial core nanofibers). Further work may involve
loading potent hydrophobic drugs where high cargo uptake is not required. The release
kinetic profiles of drugs from diBCP nanofibers are also important to investigate in future.
The biodistribution of nanofibers based on their length (i.e., passive targeting) is an
interesting avenue to explore. This can be performed by labelling the nanofibers with Cy5
dye and assessing its distribution in mouse models. An alternative would be to analyze the
distribution profiles of nanofibers in body-on-a-chip devices prior to moving to in vivo
models.® Collaboration with experts on the field would be needed to conduct such research.
The degradability of nanofibers with a crystalline core could be tuned for enhanced
delivery (i.e., in tumor environments) and for clearance (after delivery). If nanofiber
accumulation in particular tissues is dictated by the nanofiber length, then nanofibers
functionalized with organic contrast agents could be used for enhanced length-based
targeted imaging of organs, with fewer side effects than traditional metal-based contrast

agents.’

6.3 Fiber-Like Micellar Networks

In general, the majority of associative triBCPs self-assemble into spherical flower-
like micelles, except at high concentrations where micellar networks of spherical micelles
are formed.’® Chapter 4 describes the CDSA and living CDSA of B-A-B triBCPs with

crystallizable terminal PFTMC segments (i.e., PEFTMC14-b-PEGgoo-b-PFTMC14). At low
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triBCP concentrations (>5 mg/mL) and low common solvent fractions (10%), discrete
crystalline core flower-like micelles were formed via CDSA. TriBCP unimer addition to
micelle seeds yielded length-controlled and low length-dispersity flower-like micelles (up
to 806 nm, B < 1.10). Fiber-like micelle networks/bundles were obtained at high triBCP
concentrations (>5 mg/mL) and high common solvent fractions (~20%) via CDSA.
Addition of triBCP to preformed diBCP nanofibers at low concentration (0.9 mg/mL)
yielded segmented triBCP-m-diBCP-m-triBCP nanofibers. Conversely, at high
concentrations (9 mg/mL) of both diBCP nanofibers and triBCP, fiber-like micellar
networks were achieved. The intermicellar network formation was facilitated when the
solutions were warmed to ~ 50 °C. A competitive mechanism between crystallization-
driven nanofiber growth and intermicellar network formation was postulated. To our
knowledge, this is the first report of nanofibers with a crystalline core being linked by a
triBCP.

Future work will involve the development of multigram synthesis of the triBCP, as
some applications can demand high quantities of material. Fiber-like networks can be
investigated for materials reinforcement in resins or nylon fibers. Successful transfer of the
fiber networks to water in sufficient quantity is a topic for future work. Similarly, the
rheological characterization of the fiber-like networks at different concentrations in organic
solvents and in water is required. Tuning the degree of micellar network formation may
lead to distinct mechanical properties suited for different applications. Fiber-like networks
may be blended with hydrogels to mimic the inherent fiber-like nature of the extracellular
matrix to promote cell growth and differentiation.!! Tuning the degree of fiber-like micellar

networks may allow stem cells to differentiate into different kinds of cells. At present, in
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collaboration with the Willerth group at the University of Victoria, we are investigating the
effect of diBCP length-tuned nanofibers blended with fibrin-based bioink for printing
pluripotent stem cells to prepare constructs for tissue engineering.? The fiber-like micelle
networks could further enhance the mechanical properties of the constructs compared to
diBCP nanofibers. Furthermore, a mixture of diBCP nanofibers and fiber-like networks

can be used to prepare the constructs.

6.4 Polyfructose-Containing and Segmented Nanofibers

Chapters 2 and 3 of this thesis explored loading of hydrophobic cargo into
crystalline core nanofibers. In Chapter 5 the work described addresses how to target
nanofibers to a particular tissue by incorporating functional corona-forming blocks.
Chapter 5 also describes the preparation of segmented nanofibers that may be suited for
multistep applications. A polyfructose (PFr) corona-forming block was employed owing
to its potential to target the GLUTS receptors that are overexpressed in triple negative
breast cancer (TNBC) cells.**!* Via the living CDSA method, the length of PFTMCis-b-
PFRg. diBCPs nanofibers was controlled from 50 — 1200 nm with low length dispersities
(B < 1.09). The nanofibers may display passive targeting properties based on their length,
and active targeting capabilities based on the PFr corona. Additionally, pentablock
nanofibers with a middle block dedicated to drug encapsulation, with flanking targeting
segments, and terminal stealth-blocks were prepared. The segmented nanofiber was
prepared bearing in mind the multiple barriers a nanoparticle delivery vehicle must
overcome prior to the delivery of cargo.!® Finally, preliminary studies regarding the

association between curcumin, a known anticancer, anti-inflammatory, and antiviral
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drug’1&18

and the PFr corona suggest possible association. However, further studies to
prove the association of curcumin with the PFr corona are required.

Future work will involve the assessment of the targeting capabilities of the
PFr-containing diBCP nanofibers towards TNBC cells, and the performance of segmented
nanofibers compared to non-segmented nanofibers to deliver cargo. To investigate active
targeting, dye-labelled PFr-containing nanofibers can be added to cocultures of healthy
cells and of those overexpressing the GLUT5 receptor. Immunocytochemistry or
flow-cytometry could be used for measuring the targeting efficiency of the nanofibers.
Body-on-a-chip or microfluidic devices can be utilized for assessing the targeting
properties of the nanofibers in flow and in more complex systems, although mice models
could also be used. The aforementioned studies could be complemented with nanofibers of
different lengths to assess the influence of this variable on the targeting and uptake of
nanofibers by the cells (passive targeting). The efficiency of the segmented nanofibers
could be evaluated in microfluidic devices. For example, epithelial models in microfluidic
devices®® could be used to assess the extravasation performance of segmented nanofibers
against non-segmented nanofibers. Collaborations to conduct the aforementioned research
will need to be established. Realization of CDSA and living CDSA in biological relevant
aqueous media with suitable BCPs is currently challenging and limited examples exist.?%?

CDSA of PFr-based BCPs has yielded promising results in aqueous solutions, but further

optimization is required.

313



Chapter 6

6.5 Outlook

Living CDSA is a versatile method to gain access to high aspect ratio nanofiber
morphologies in pure form with exquisite dimensional control. The nanoparticles
fabricated via living CDSA present inherent morphological advantages compared to
spherical analogues that may help to address current challenges in the biomedical field.
This proof-of-concept work lays the foundation for the development of nanofiber
therapeutics, a very promising and young field. Nanofiber engineering and optimization is
required in order to achieve cargo loadings above 0.1 wt %. However, common loading
quantities (> 10 wt %) may not be required if the nanofiber vector has higher performance
and specificity for the delivery of cargo. In future, the length of nanofiber-based
formulations may be tuned to target a specific tissue, and the nanofiber design (diBCP or
coaxial core) may be tailored to the potency of a particular drug. The ability to incorporate
distinct nanofiber segments suited for multistep applications such as drug delivery may
enhance the overall performance of nanoparticle vectors. Incorporation of nanofiber
networks into composites or hydrogels could lead to stronger and better properties for
tissue engineering and materials reinforcement applications. An interesting area of research
to explore in the future would be to replace the crystalline PFTMC core-forming block by
polymeric forms of crystalline drugs approved for cancer treatment.?? Nanoparticles with
low curvature of the core-corona interface accessed via living CDSA are also advantageous
for a range of applications including catalysis,? light harvesting devices,?* and for
information storage,?® among others.?® Drug delivery and light responsive properties may
be incorporated on nanofibers to provide photothermal, photodynamic, and synergistic

approaches for the treatment of pathologies via n-conjugated BCP nanofibers.?” To further

314



Chapter 6

advance these areas and also the biomedical field, and to address some of the emerging
challenges of our modern world, there is a need for further expansion of the range of

crystallizable materials that are capable of undergoing living CDSA.?®
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