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The stable dispersion of individual single-walled carbon nanotubes (SWCNTSs) in solutions is a primary
requisite for various applications, especially when their unique near-infrared (NIR) fluorescence is
utilized. Coating SWCNTs with cross-linked polymers (e.g., gels) can result in highly stable dispersions
due to the thin gel layer that acts as an undetachable dispersant. One attractive feature of gel-coating is
the design flexibility of the gel; for example, post-modifications and bioapplications are possible when
reactive sites and PEG units are introduced, respectively. In this study, gel-coated SWCNTs are length-

Received 30th November 2023, sorted using size exclusion chromatography (SEC), wherein the gel layer consists of PEG-containing gel

Accepted 25th January 2024 with reactive sites. Due to the high dispersion stability of the gel coating, SEC-based length sorting is
DOI: 10.1039/d3ma01069d achievable without adding any dispersants in the mobile phase. The length-sorted SWCNTs obtained in

this manner maintain their strong NIR fluorescence and undergo post-modification with proteins, both
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Introduction

Single-walled carbon nanotubes (SWCNTs) are one-dimensional
nanomaterials with a high aspect ratio, ranging from tens of nm
to several um in length and several nanometers in diameter.'™
Their length affects their properties and assemblies, such as their
optical,””® mechanical,'*™* electrical,"**> and dispersion prop-
erties. Therefore, understanding and controlling the length of
SWCNTs is crucial to tailoring their properties for meeting the
requirements of diverse applications, such as electronics,
energy, and biomedical and environmental applications.
Regarding biological applications in vivo, the size of the
nanoparticles strongly affects blood circulation, biodistribu-
tion, and selective accumulation;'® thus, in this regard, the
length of SWCNT may also be a key consideration. Indeed,
SWCNT length dependency for the cell uptake efficiency was
reported in vitro.'”'® In addition, the unique near-infrared
(NIR) adsorption and emission properties of SWCNTs that are
highly permeable in the body are dependent on their length;
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of which are practical for biological applications.

thus, SWCNT length is one of the key factors for bio-
imaging'®>* and biosensor**' applications.

However, using the current SWCNT synthesis techniques,
controlling the desired lengths remains challenging in the case
of shorter SWCNTs. Therefore, several length sorting methods,
such as density gradient centrifugation (DGU),**** gel electro-
phoresis,” precipitation,®** and size exclusion chromatogra-
phy (SEC)'***® have been developed and utilized for various
applications.>?*° Among them, SEC is the most facile method
for applications because the sorted SWCNT can be obtained
easily by fractionation, which can be readily used for further
applications, while isolation of sorted SWCNT in DGU and gel
electrophoresis is challenging owing to the use of iodixanol and
the gel as the media, respectively.

Length fractionation of SWCNTs by SEC is realized by the
size fractionation, where the smaller particles diffuse longer
distance in the pore of the stationary phase. Therefore, individual
dispersion of SWCNTs and their dispersion stability are critical
prerequisites for a successful SEC-based separation that can
withstand the chromatography process. Therefore, SWCNTs dis-
persed by dispersant-based solubilization (i.e., surfactant-based
dispersion) is applicable only when the dispersant solutions are
used as a mobile phase to maintain the equilibrium of dynamic
adsorption and desorption of the dispersants in the column.?”
In this context, sodium dodecyl sulfate (SDS),""** sodium cholate
(SC), and sodium dodecyl cholate (SDC)*” solutions were used as
an eluent. However, owing to the toxicity of the surfactants, their
removal from the sorted solutions is imperative.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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On the other hand, DNA-dispersed SWCNTs (DNA/SWCNTs)
are a unique system that allows the application of SEC-based
length sorting owing to their dispersion stability without using
any surfactants.'>3%3%43745 14 date, length-dependent photo-
luminescence lifetime*® and cellular uptake*® have been inves-
tigated using length-sorted DNA/SWCNTs. However, critical
issues with the DNA/SWCNTs include the risks of aggregation
in the blood®**” and the replacement of the DNA with inter-
cellular proteins.*® Therefore, length sorting of the SWCNT
hybrid with improved coating stability and biocompatibility is
desired.

In this study, we investigated the sorting of the SWCNT
coated by cross-linked polymer (e.g., gel) prepared by CNT
micelle polymerization without using surfactant in the mobile
phase. In CNT micelle polymerization,*®>® a thin gel layer
(~1 nm)®' is formed on the surface of SWCNTs by radical
polymerization; moreover, the coated gel layer is free from
detachment from the SWCNTs despite the excess amount of
the competitive adsorbents.>* Therefore, higher dispersion sta-
bility such that the chromatography process can be expected.
Another advantage of CNT micelle polymerization is the mono-
mer versatility; thus, biocompatibility can be achieved using
biocompatible monomers such as polyethylene glycol metha-
crylate (PEGMA).>"*° In addition, post-functionalization is also
possible by employing maleimide-containing monomers into
the gel layer,”” and also a brighter photoluminescence (PL) of
SWCNT (Ej,) compared to the original PL (E;;) can be created at
a longer wavelength >1100 nm by the radical grafting on
SWCNTs.”*”” Armed with these features, gel-coated SWCNTs
have been used for cancer cell recognition and NIR photother-
mal therapy in vitro,>® gene transfer into plant tissues in vivo,>*
and NIR live imaging of blood circulation in vivo.”” Therefore,
length sorting of the gel-coated SWCNTs enables the full use of
these unique features for length-dependent biological studies,
including tumor targeting that is highly size-dependent.

Experimental

Materials

SWCNTs (CoMoCAT, LotfMKBZ1159V, Sigma-Aldrich Co. LLC,
Saint Louis, USA), sodium dodecyl sulfate (SDS), polyethylene
glycol methacrylate (PEGMA; M, ~ 500), maleimide, furan,
bovine serum albumin (BSA), and x100 TE buffer solution
(pH 8.0) were purchased from Sigma-Aldrich (Tokyo, Japan).
Deuterated water (D,0O) was purchased from Cambridge Isotope
Laboratories, Inc. (Tewksbury, MA). N,N’-methylenebisacryl-
amide (BIS), tetramethylethylenediamine (TMEDA), and ammo-
nium persulfate (APS) were purchased from Wako Pure
Chemical Industries, Ltd (Tokyo, Japan).

Synthesis of endo-FpMMA

Methacrylate carrying the endo-form of furan-protected maleimide
(denoted as endo-FpMMA, Fig. 1) was synthesized according to
the reported procedure.>” First, the maleimide was briefly pro-
tected with furan using a Diels-Alder reaction at 25 °C, and the
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Fig. 1 (a) Scheme of the synthesis of gel-coated SWCNTs by CNT micelle
polymerization. Chemical structure of the cross-linked polymer in (b)
PNIPAM/PEG/SWCNTs and (c) endo-FpM/PEG/SWCNTs.

endo-form furan-protected maleimide was coupled with PEGMA
using the Mitsunobu reaction to afford endo-FpMMA.

Preparation of SWCNT dispersion using SDS

SWCNTs (5.0 mg) and a D,0O (10 mL) solution containing SDS
(2.0 wt%) were added to a 50 mL glass bottle. The mixture was
sonicated using a bath-type sonicator (Branson 5510) for 1 h
and a tip-type sonicator (UD-200, Tomy) for 30 min. The
dispersion was centrifuged at 147000g (Hitachi Himac, CS
150 GX) for 4 h, and the supernatant (top 90%) was collected.
The solutions were diluted 10 times with D,O to prepare a 0.2
wt% SDS dispersed SWCNT solution.

CNT micelle polymerization

For the synthesis of endo-FpM/PEG/SWCNTSs, endo-FpMMA
(60 mg, 10.5 mM), PEGMA (60 mg, 24 mM), and BIS (0.2 mg,
0.26 mM) were added to the SDS (0.2 wt%) dispersed SWCNT
solution (5.0 mL), and the resulting mixture was bubbled with
N, gas to remove O, for 30 min. TMEDA (8.8 L) and a 20 wt%
aqueous solution of APS (25 uL) were added to the mixture.
Polymerization was conducted at 25 °C for 24 h under a N,
atmosphere. The supernatant obtained was filtered (MWCO:
200000) seven times to remove SDS. For the synthesis of
PNIPAM/PEG/SWCNTs, NIPAM (220 mg, 38.9 mM), PEGMA
(140 mg, 5.6 mM), and BIS (2 mg, 0.26 mM) were added to
the 0.2 wt% SDS dispersed SWCNT solution (50 mL), and the
resulting mixture was bubbled with N, gas for 30 min. TMEDA
(88 pL) and a 20 wt% aqueous solution of APS (250 pL) were
added to the mixture. Polymerization was conducted at 25 °C
for 24 h under a N, atmosphere. The supernatant obtained was
filtered (MWCO: 200 000) seven times to remove SDS.

Size-exclusion chromatography fractionation

For length fractionation of gel-coated SWCNTSs, three columns
with COSMOSIL CNT-300, CNT-1000, and CNT-2000 SEC col-
umns (Nacalai Tesque, Inc.) were used in series. On the
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analytical scale, columns of 10 mm (inner diameter) x 300 mm
(length) were used, connected to a HPLC system (Shimadzu
Corporation, Kyoto, Japan), with a flow rate of 1.0 mL min ™, an
injection volume of 200 uL of SWCNT dispersion, a fractiona-
tion volume of 2.0 mL per fraction, and a monitor absorption
wavelength of 290 nm and 573 nm. On the preparative scale,
columns of 20 mm (inner diameter) x 300 mm (length) were
connected to a HPLC system (Japan Analytical Industry Co., Ltd
Tokyo, Japan) with a flow rate of 2.0 mL min~", an injection
volume of 5 mL of SWCNT dispersion, a fractionation volume
of 4.0 mL per fraction, and a monitor absorption wavelength of
290 nm. TE buffer (containing 10 mM with pH 8 Tris-HCl and 1
mM EDTA) was used as the mobile phase. The aqueous gel-
coated SWCNT dispersion was adjusted to the same pH as
the mobile phase with x100 TE buffer and filtered through a
0.45 um filter before injection.

Measurements

The UV-vis-NIR spectra were measured at 25 °C using a V-670
spectrophotometer (JASCO, Tokyo, Japan). Photoluminescence
(PL) spectra were measured using a NanoLOG-EXT spectro-
fluorometer (Horiba JOBIN YVON, Longjumeau, France).
Absorption and PL measurements were obtained using an
optical cell with an optical path length of 10 mm. Raman
spectra were measured using a RAMAN touch spectrophoto-
meter (Nanophoton, Osaka, Japan) with a 20x objective, an
excitation wavelength of 532 nm, a laser power of 10 mW, an
exposure time of 2 s, and five times integration at 25 °C. AFM
measurements (AC mode) were performed using an Agilent
5500 probe microscope (Agilent Technologies, California, USA)
in air and used for the silicon cantilever PPP-NVSTR-W (NANO-
SENSORS, NanoWorld AG, Neuchatel, Switzerland). For the
AFM sample preparation, cleaved mica was soaked in a solution
of 5 mL of 2-isopropanol and 50 pL of 3-aminopropyltri-
ethoxysilane (APTES), allowed to stand for one hour, washed
with water, and dried in air.’® 10 pL SEC fractionated eluents
were dropped onto the APTES-modified mica, allowed to stand
at room temperature for 10 min, rinsed with 1 mL of water, and
dried in air. AFM image processing and SWCNT length mea-
surements were performed using the Scanning Probe Image
Processor (Ver. 6.2.6).

Estimation of SWCNT concentration

The molar concentration of SWCNTSs (cswent) Was estimated

using the following equation according to previous studies.>**°
_s _ Arwhm X ODyg
=51 x 1078 x A2 =701
=30 g T d
Ce Ce

SWENT =N ™ Tswent % Ne/nm

where c. [M] is the carbon concentration, Agnm full width at
half maximum of the S; absorption spectrum of (6, 5)-SWCNT,
ODsy, is the S; absorbance of (6, 5)-SWCNT, d [mm] is the optical
path length, N, is the number of carbon atoms in the SWCNT,
Iswenr is the average length of the SWCNT, and N/, is the
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number of carbon atoms per nm of SWCNT (88 for (6, 5)-
SWCNT). Agnm and ODg, were obtained by peak separation of
absorption spectra measured using package Multi Peak Fitting
in Igor Pro (Ver. 6.36]).

Post functionalization of length-sorted endo-FpM/PEG/
SWCNTs

Fr1 of endo-FpM/PEG/SWCNTs in PBS buffer (pH 7.4, 450 pL)
was heated at 80 °C for 1.5 h to deprotect maleimide. 50 pL
bovine serum albumin (BSA) solution (in PBS, 0.1 mg mL )
was added in this solution to 0.01 mg mL~" and gentle shaken
at room temperature for 24 h. Next, the solution was filtered
through an Amicon Ultra (MWCO: 100 kDa) to remove
unbound excess BSA five times. As a control experiment,
endo-FpM/PEG/SWCNTs without heat treatment was mixed
with BSA using the same procedure.

Results and discussion
SEC fractionation of gel-coated SWCNTs

Gel-coated SWCNTs were prepared by CNT micelle polymeriza-
tion according to previous reports (Fig. 1(a)).>>>°

For CNT micelle polymerization, radical polymerization
using vinyl monomers was performed in SDS-dispersed SWCNT
solution in the presence of N,N’-methylene bisacrylamide (BIS),
and ammonium persulfate (APS) as a cross-linker and initiator,
respectively. Two co-polymer systems were selected as the
model coating gels: N-isopropylacrylamide (NIPAM) with poly-
ethylene glycol methacrylate (PEGMA) (PNIPAM/PEG)”' and
endo-FpMMA with PEGMA (endo-FpM/PEG),>” used in previous
studies. Polymerizations were conducted at 25 °C for 24 h for
PNIPAM/PEG-coated SWCNTSs (PNIPAM/PEG/SWCNTS, Fig. 1(b))
and endo-FpM/PEG-coated SWCNTs (endo-FpM/PEG/SWCNTs,
Fig. 1(c)). TMEDA and APS were used to lower the radical
generation temperature for the endo-FpM/PEG system to prevent
the deprotection of the fran group.>® Surfactants were removed
by repeating filtration until the 'H NMR signals from the
surfactant disappeared. The dispersions were stable despite
the absence of the surfactant (Fig. S1, ESIt), indicating the stable
coating of the gel with hydrophilic PEG units and the negative
charge derived from the APS.>!

Fig. 2 shows chromatograms of the gel-coated SWCNTs
monitored at 290 nm (black line) and 573 nm (red line). For
endo-FpM/PEG/SWCNTs (Fig. 2(a)), a unimodal peak and a
bimodal peak were observed at 573-nm and 290-nm monitor-
ing, respectively. The peak profile observed at 290 nm is similar
to that of DNA/SWCNTs.*3*461:62 At 573 nm, there is the
absorption of SWCNTs for E,, transition of SWCNTs with (6, 5)-
chirality,”” while at 290 nm, both SWCNTs and the protected-
maleimide moiety in the endo-FpM monomer have absorption.®®
Therefore, the first peak (25-30 min) can be assigned to the
fraction of endo-FpM/PEG/SWCNTs, while the 2nd peak (35-40
min) can be considered to be the fraction contained only endo-
FpM/PEG without SWCNTs. In the CNT micelle polymerization,
gel particles without SWCNTs (free gel) were formed.**™®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a), (c) SEC chromatograms and (b), (d) photographs of fractionated

solutions of (a), (b) endo-FpM/PEG/SWCNTs and (c), (d) PNIPAM/PEG/
SWCNTs.

Therefore, the result indicates the removal of the free gels from
the dispersion is possible by fractionation in SEC-based sorting.
Previously, we reported that the separation of the free gel was
possible by ultracentrifugation; however, this method caused the
shortening of the SWCNT owing to the strong shear force of the
ultracentrifugation.*® Contrarily, SEC-based separation is advan-
tageous in its structural intactness for SWCNTs. For PNIPAM/
PEG/SWCNTs (Fig. 2(c)), only unimodal peak was observed for
both 290-nm and 573-nm monitoring. The absence of the 2nd
peak after 35 min corresponds to the weak absorption of
PNIPAM and PEG at this wavelength (Fig. S2, ESIt).

To analyze the size of the endo-FpM/PEG/SWCNTs and
PNIPAM/PEG/SWCNTs after the SEC, the eluents were fractio-
nated every 2 min, and these are denoted as fr1, fr2, fr3, fr4,
and fr5. Fig. 3 shows the AFM images of the eluents, where the
AFM image of the unsorted solution was also displayed as a
comparison. The needle-like structure of SWCNTs was clearly
observed for fri-fr4; however, only spherical particles were
observed for fr5. The result clearly supports the separation of
gel-coated SWCNTs from the free gels by SEC. Importantly, the
successful SEC-based separation of SWCNT without using
surfactants in the mobile phase indicates a stable coating by
the gel without any dynamic detachment. For endo-FpM/PEG/
SWCNTs, SWCNT length in fr1, fr2, fr3, and fr4 were 389.7 +
111.6 nm, 234.2 + 72.5 nm, 154.8 + 35.9 nm, and 103.2 +
49.0 nm, respectively; however, that of unsorted endo-FpM/PEG/
SWCNTSs was 223.4 + 136.0 nm (Fig. 3(a)). For PNIPAM/PEG/
SWCNTs, SWCNT length in fr1, fr2, fr3, and fr4 was 354.9 +
101.4 nm, 248.2 + 85.8 nm, 174.8 + 87.4 nm, and 128.9 +
96.2 nm, respectively. However, that of unsorted PNIPAM/PEG/
SWCNTs was 235.9 + 146.0 nm (Fig. 3(b)).

The length distribution of gel-coated SWCNTSs (100-500 nm)
was similar to that of DNA/SWCNTs (100-500 nm).** We con-
sider that the sonication treatment of the SWCNT and the
filtration of the dispersion through the 0.45-um membrane prior
to the injection regulate the upper limitation of the length. The
average height of unsorted gel-coated SWCNTs was 1.82 =+
0.60 nm and 1.96 + 0.49 nm for endo-FpM/PEG/SWCNTs and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PNIPAM/PEG/SWCNTs, respectively, while that of the free gel
was ca. 1.0 nm. Assuming that the average diameter of
CoMOCAT-SWCNTs was 0.78 nm, and the average thickness of
the gel layer can be estimated ca. 1.0 nm,*® indicating that the
gel layer is thin and homogeneously coated on the SWCNTs.

In the absorption spectra of the unsorted and fractionated
(fr1-fr5) endo-FpM/PEG/SWCNTs (Fig. 4(a)) and PNIPAM/PEG/
SWCNTs (Fig. 4(b)), clear NIR absorption peaks were observed,
and longer SWCNTs showed stronger optical absorption inten-
sity. For fr5, the NIR absorption characteristic of SWCNTs
(>1000 nm) was not observed owing to the absence of the
SWCNTs. Based on the deconvoluted peak area of the (6,5)-
SWCNT absorption, the concentrations of endo-FpM/PEG/
SWCNTs of fr1-fr4 were estimated to be 0.1-0.2 nM, which is
50 times lower than injected dispersions (6.76 nM, Table S1,
ESIt). Higher concentrations of NIPAM/PEG/SWCNTs frac-
tions can be attributed to the higher injection concentration
(27.9 nM). The narrower width at half maximum of the chro-
matogram peaks of endo-FpM/PEG/SWCNTs than that of
NIPAM/PEG/SWCNTs (Fig. S3 and Table S2, ESIf) suggests
a higher size separation resolution for a lower SWCNT
concentration.

The fact corresponds to the smaller standard deviation of
the length distribution of endo-FpM/PEG/SWCNTs (for fr3 and
fr4) in AFM measurements (Fig. 3(b)). Fig. 4(c) and (d) show
photoluminescence (PL) counterplots of unsorted and sorted
dispersions for endo-FpM/PEG/SWCNTs (Fig. 4(c)) and PNI-
PAM/PEG/SWCNTs (Fig. 4(d)). Clear emissions of semiconduct-
ing SWCNTs were observed in all fractions, indicating that
the fractionated dispersions contained individually isolated
SWCNTs. The PL intensity of the sorted dispersions was main-
tained for more than four months, evidencing the stable coat-
ing of the gel offers excellent dispersion stability (Fig. S4-S6,
ESIT). Based on the intensity of the spots, the relative distribu-
tion of chirality for the fractions was analyzed (Fig. S7 and
Table S3, ESIt). We found that SWCNTs with a large diameter,
such as (7, 5) and (7, 6), were enriched in shorter fractions, such
as fr4; however, the content of SWCNTSs with smaller diameters,
such as (6, 4) and (8, 3) was decreased. Enrichment of the (7, 5)
in shorter SWCNTs was also observed for absorption spectra,
where the (7, 5) peak at approximately 1050 nm for (6, 5)
became larger in fr3 and fr4 (Fig. S6, ESIt). Heller et al. reported
a similar diameter dependency of the length-sorted SWCNT in
both in gel electrophoresis and SEC-based sorting.” They con-
sidered that SWCNTs with a larger diameter contained more
defects and must be cut during sonication. In AFM image
analysis of endo-FpM/PEG/SWCNTs, the average heights of
fr1, fr2, fr3, and fr4 were 1.46, 1.51, 1.57, and 1.62 nm,
respectively (Fig. S8, ESIt), which supports the shorter SWCNT
fraction contains a larger diameter of SWCNT.

Based on the ratio of the integral of the E;; emission peak
area at 570 nm excitation to the integral of the E,, absorbance
peak, the relative quantum yield>” was evaluated for (6,5)-
SWCNTs. Fig. 4(e) and (f) plot the relative quantum yield as a
function of the average SWCNT length. The longest SWCNTs
exhibited the highest relative quantum yield. The result can be

Mater. Adv,, 2024, 5, 2482-2490 | 2485
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Fig. 3 AFM images and length distribution of unsorted, frl, fr2, fr3, fr4, and fr5 of (a) endo-FpM/PEG/SWCNTs and (b) PNIPAM/PEG/SWCNTs. Displayed

values are mean length + standard deviation for N = 50.

explained by the lower concentration of the terminal defects at
the tube ends acting as the quenching sites for the longer
SWCNTs.>”"® The relative quantum yield of unsorted SWCNTs
lay between the lowest and highest yield, indicating that the PL
intensity was the average of the SWCNTs with different relative
quantum yields. Lower defect density for the longer SWCNTs
was indicated by the lower D-band intensity with reference to
G-band intensity at 1580 ¢cm ' (D/G ratio) in the Raman
spectroscopy of endo-FpM/PEG/SWCNTs (Fig. 4(g), (h), and
Table S4, ESIT) and PNIPAM/PEG/SWCNTs (Fig. 4(i), (j), and
Table S4, ESIT).>%*

Noted that, in PNIPAM/PEG/SWCNTs (Fig. 4(d)), bright E7,
luminescence owing to low-density sp® defects, the so called
quantum defects,®® or local functionalization was observed at
1120 nm for both the unsorted and fractionated dispersions.

2486 | Mater. Adv, 2024, 5, 2482-2490

These sites were created by the radical grafting on the SWCNT
sidewall®®”” as indicated by the larger D/G ratios observed in
PNIPAM/PEG/SWCNTs (Fig. 4(j)) than those of endo-FpM/PEG/
SWCNTs (Fig. 4(h)). High relative quantum yields were observed
for the longest SWCNT fraction and the shortest SWCNT fraction.
The reason of such a high yield for the shortest SWCNTs is
probably due to the overwrapping of the E;; luminescence from
the other chirality, such as (8,4)-SWCNTs.

Post functionalization of length-sorted endo-FpM/PEG/
SWCNTs

To demonstrate the usefulness of the sorted SWCNT disper-
sions for biological applications, protein conjugation was con-
ducted using sorted endo-FpM/PEG-SWCNTs via an ene-thiol
addition reaction between the maleimide group and the thiol

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Absorption spectra of unsorted (black), frl (red), fr2 (orange), fr3 (green), fr4 (blue), and fr5 (gray) of (a) endo-FpM/PEG/SWCNTSs and (b) PNIPAM/
PEG/SWCNTSs dispersions. For comparison, absorption spectra of the unsorted dispersions are also displayed. PL counter plots of unsorted, frl, fr2, fr3,
and fr4 of (c) endo-FpM/PEG/SWCNTSs and (d) NIPAM/PEG/SWCNTs dispersions. Chiral indices of the spots were assigned as (n, m) and PL from Ej, was

represented as (n, m)

*. Relative quantum yields of (6, 5)-SWCNT of (e) endo-

FpM/PEG/SWCNTSs and (f) PNIPAM/PEG/SWCNTSs as a function of average

SWCNT length for frl (red), fr2 (orange), fr3 (green), fr4 (blue), and unsorted (black). Circles and squares represent £1; and Ej; respectively, and curves are

a guide to the eye. Raman spectra of unsorted (black), frl (red), fr2 (orange),

fr3 (green) and fr4 (blue) of (g) endo-FpM/PEG/SWCNTSs and (h) PNIPAM/

PEG/SWCNTSs. The inset graph is detailed near the D-band. Relationship of average SWCNT length to D/G ratio of unsorted (black), frl (red), fr2 (orange),
fr3 (green) and fr4 (blue) of (i) endo-FpM/PEG/SWCNTSs and (j) PNIPAM/PEG/SWCNTSs. Curves are displayed as a guide to the eye.

group in the protein (Fig. 5(a)). As the model protein, bovine
serum albumin (BSA) was conjugated, where fr1 was used for
the conjugation. Fig. 5(b) shows an AFM image of the endo-
FpM/PEG-SWCNTs treated with BSA. The several spots having a
height of 4-8 nm, corresponding to the size of BSA,***° were
clearly observed along with endo-FpM/PEG/SWCNTs with depro-
tection treatment. However, no such structure was observed for
endo-FpM/PEG/SWCNTs without deprotection treatment (Fig. S9,
ESIt). We confirmed the absorption peaks derived from BSA
(280 nm) and SWCNTs in the absorption spectrum (Fig. 5(c))
together with NIR PL (Fig. 5(d)) of the sample after BSA modifica-
tion. These results manifest the fractionated endo-FpM/PEG/
SWCNTs are ready for the post-functionalization and the post-
modified hybrid are applicable for NIR imaging.

Scale up to the preparative scale

The volume of the injection was successfully scaled up from
200 pL to 5.0 mL by increasing the column diameter from
10 mm to 20 mm. The volume of the total fractions was
increased to 40 mL per 5 injections (Fig. S10, ESIt) while
maintaining the comparable SWCNT concentration in the frac-
tions (Fig. S11 and Table S1, ESIt) and length-dependent NIR PL
(Fig. S12, ESIt). In large-scale fractionation, finer fractionation was
possible and the SWCNT lengths of 479.9 + 167.4 nm, 300.0 £
100.9 nm, 261.3 £+ 100.7 nm, 226.9 £ 73.6 nm, 169.9 £
50.2 nm, 121.8 &+ 27.8 nm, and 76.5 + 26.9 nm were obtained
(Fig. S13, ESIY). This remarkable scalability of the SEC-based

© 2024 The Author(s). Published by the Royal Society of Chemistry
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length sorting of gel-coated SWCNTs enables the use of endo-

FpM/PEG/SWCNTs for practical length-dependent studies.
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Conclusions

In this study, we successfully sorted gel-coated SWCNTs by
length using size exclusion chromatography (SEC) without
using a dispersant solution as the mobile phase owing to the
excellent coating stability of the gel layer. SWCNT with two
different chemical compositions (endo-FpM/PEG/SWCNTs and
PNIPAM/PEG/SWCNTs) were sorted, demonstrating that the
sorting can be applied independent of the gel composition.
Both gel-coated SWCNTs showed bright PLs more than four
months after the fractionation, indicating the high dispersion
stability of the gel-coated SWCNTs. The longest gel-coated
SWCNT fractions showed the highest relative quantum yields
because of the lowest defect concentration. We demonstrated
that post-functionalization of length-sorted endo-FpM/PEG/
SWCNTs is possible. The gel-coated SWCNTs sorted by SEC
can be readily used in biological applications, which will pave the
way for length-dependent studies in vitro and in vivo to analyze
and control interactions between SWCNTs and organisms.
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