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A. Supplementary Results 

A.1 Standard Protocol 

 

 
Figure S1 (a-b): Time-resolved AF4-MALS-RI fractograms of the CP-[p(BA)5-b-p(DMA)45]2 conjugate, 
collected via sequential runs during the first experiment. The first timepoint (9 mins) represents the time 
elapsed between sample preparation and the start of the run sequence. 

 
 

 



 3 

 

 
Figure S1 (c-d): Comparison of the conjugate (CP-[p(BA)5-b-p(DMA)45]2) to its control, unconjugated 
polymers via their measured RI detector signals. The signal from the amphiphilic diblock copolymer 
confirms that the conjugate’s measured populations do not correspond to micelles. This is verified by the 
differences in the peak elution times and distribution profiles. The control hydrophilic polymers confirm 
the absence of one-arm and two-arm conjugate unimers. pDMA50 also identifies the unassembled 
amphiphilic diblock copolymers. NB: The kinetic timepoint of the example conjugate fractogram is 9 
mins. 
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Figure S1 (e): SANS scattering profile of the conjugate in 95% D2O and 5% d-DMSO, collected at 24 
hours. A core-shell cylinder model provided the best fit with a low Chi2 value. Experimental details are 
available in the referenced literature18 
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Table S1: Summary of the molecular weight limits and averages (UL, LL Mw, Mn) and aggregation 
number (Nagg) of the detected populations in Figure S1a-1b. NB: The shoulder peaks (B) observed from 
1hr 44 mins had very low signal intensities hence calculations could not be performed. 

§ Kinetic 
Timepoint 

Peak *UL *LL *Mw *Mn †Nagg 

9 mins A 2.953 x 105 1.699 x 105 2.314 x 105 1.711 x 105 14←20→25 
56 mins A 2.971 x 105 1.762 x 105 2.343 x 105 2.233 x 105 15←20→25 

1hr 44 mins A 2.928 x 105 1.753 x 105 2.318 x 105 2.189 x 105 15←20→25 
2 hrs 32 mins A 2.970 x 105 1.778 x 105 2.338 x 105 2.218 x 105 15←20→25 
3 hrs 19 mins A 2.861 x 105 1.692 x 105 2.238 x 105 2.021 x 105 14←19→24 

§ Indicates the time elapsed between sample preparation and analysis. * Common units: Da or g mol-1; 
Mw & Mn: weight- and number-average molecular weights; UL&LL: upper and lower molecular weight 
limits used as a measure of dispersity. The limits denote where 75% of the peak distribution lies within 
±2 standard deviations (2σ) away from the mean (Mw).38 † The Nagg range of the assemblies within the 
specified peak, calculated from the Mw (mean), UL (right, +2σ) and LL (left, -2σ); Formula = (MW 
value) ÷ theoretical MW of conjugate unimer (1.173 x 104). 
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A.2 Comparison Protocol 

 

Figure S2. (a) Comparison of the conjugate fractograms collected at the first kinetic timepoint (9 mins) 
following preparation by both protocols. From their measured RI detector signals, the presence of single 
nanotubes in the distribution of the comparison protocol is supported. 

 

 

Figure S2. (b) Fractogram comparisons of the differences in the distribution of individual nanotubes 
following the addition of free unimers. An increase in the concentration of the SCPPNs is primarily noted 
as well as a slight broadening of their distribution, indicating growth of the nanotubes. See Table S2. 
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 Table S2: Summary of the detected concentrations, molecular weight limits and averages (UL, LL Mw, 
Mn) and aggregation number (Nagg) of the individual nanotube populations in Figure S2b.  

Distribution Conc 
(mg/mL) 

*UL *LL *Mw *Mn †Nagg 

Pre-unimers 0.833 2.341 x 105 1.204 x 105 1.730 x 105 1.523 x 105 10←15→20 
Post-unimers 1.685 2.432 x 105 1.267 x 105 1.793 x 105 1.623 x 105 11←15→21 

* Common units: Da or g mol-1; Mw & Mn: weight- and number-average molecular weights; UL&LL: 
upper and lower molecular weight limits used as a measure of dispersity. The limits denote where 75% 
of the peak distribution lies within ±2 standard deviations (2σ) away from the mean (Mw).38 † The Nagg 
range of the assemblies within the specified peak, calculated from the Mw (mean), UL (right, +2σ) and 
LL (left, -2σ); Formula = (molecular weight value) ÷ theoretical molecular weight of conjugate unimer 
(1.173 x 104). 
 
 

 

 

Figure S3. Time-resolved AF4-MALS-RI fractograms of the amphiphilic conjugate (CP-[p(BA)5-b-
p(DMA)45]2) after one week. The blue and red traces are the RI and MALS detector signals, respectively. 
The overlaid black traces (right y-axis) are the molecular weight values for each elution fraction. 

 

 

B. Experimental Protocols 
B.1 AF4 Instrumentation 

All measurements were conducted using PostNova Analytics AF2000 multi-flow 

system (Malvern, UK) with a PN5300 injection autosampler. To allow for a multi-

detection setup, XXdifferential refractive index (RI) PN3150 detector and multi-angle 

light scattering (MALS) PN3621 detector were connected online to the system. Light 
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scattering was measured using a 50-mW laser operating at a wavelength of 532 nm 

(green), and the resulting signals were detected from 21 observation angles ranging 

between 7 to 164 °. Sample separation was conducted within a channel (335 x 60 x 40 

mm) containing a trapezoidal polytetrafluoroethylene spacer (PTFE, 350 μm thickness) 

and a semipermeable regenerated cellulose (RC) membrane with a 10 kDa nominal 

molecular weight cutoff. Note the channel and all its components were also provided 

by PostNova Analytics (Malvern, UK). Data acquisition and processing were controlled 

through the PostNova AF2000 software version 2105. 

B.2 Detector Calibration & System Performance 

Prior to the measurements, calibration of the detectors was performed according to the 

manufacturer manual to determine the detector constants. Lyophilized Bovine Albumin 

Serum (BSA, 1 mg mL-1) prepared in 0.9 % NaCl aqueous solvent was used to calibrate 

the RI detector. The MALS detector was also calibrated using a BSA solution (5 mg 

mL-1), and the scattering angles were normalised against a polystyrene sulfonate 

sodium salt solution (PSS, 67 kDa, Đ ≤ 1.2, 10 mg mL-1) or a latex mixture: 3000 

Series NIST certified polystyrene nano sphere particle size standards with nominal 

diameters (nm) of 23 ± 2 (0.4 mg mL-1), 61 ± 4 (0.04 mg mL-1) and 122 ± 3 (0.008 

mg mL-1). PSS normalisation was performed for soluble macromolecules and the 

standard solution was prepared using 0.9% NaCl solvent. Latex normalisation was 

conducted for particles and the mixture was prepared using a 0.2% NovaChem 

surfactant solution: a mixture of non-ionic and ionic detergents. Lastly, the calibration 

and separation performance of the AF4 channel was evaluated by fractionating BSA (1 

mg mL-1). System performance is confirmed by the good resolution of its monomer (66 

kDa), dimer and trimer peaks and calibration is validated by obtaining the correct 

molecular weight values of the peaks. 

 B.3 Eluent Preparation 

The aqueous solvent used for sample preparation and measurement was prepared by 

dissolving sodium azide (NaN3, 0.02%) and sodium chloride (NaCl, 0.1M) in HPLC-

grade water. NaCl was added to prevent nonspecific sample-membrane electrostatic 

interactions and the NaN3 prevents bacterial contamination.52 Before use, the eluent was 

vacuum filtered through 0.1 µM aqueous compatible filters to remove any impurities 

that would interfere with the light scattering signals, particularly at low angles.30 The 

calibration solvent consisting of 0.9% NaCl was prepared similarly, i.e. dissolution of 
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the salt in HPLC grade water followed by eluent filtration, whilst the 0.2% NovaChem 

surfactant solution was prepared by filtering the HPLC grade water before dissolving 

the surfactant. Note dissolution in all cases was aided by gentle stirring and filtration 

was conducted using PTFE filters purchased from PostNova Analytics. 

B.4 Method Development 

The method conditions used to analyse the samples in this study are summarised below 

in Table S3. 

Table S3: Programmed AF4 experimental conditions used in this study. Note the channel outlet flow 
(detector-flow) rate was held constant at 0.5 mL/min during each analysis.  

Step Conditions 

Injection + Focus 

Injection volume: 50 µL 
Injection time: 6 mins 
Injection flow: 0.2 mL/min 
Cross flow (CF): 1.75 mL/min 
Focus flow: 2.05 mL/min 
Transition time: 1 min 

Elution (CF 
Programming) 

Step 1 (20 mins): CF held constant at 1.75 mL/min  
Step 2 (10 mins): CF decayed linearly from 1.75 mL/min to 0.07 mL/min 
Step 3 (10 mins): CF held constant at 0.07 mL/min 

Rinse Before the start of the next run, a brief rinse was performed at a channel (TIP) flow rate 
of 0.1mL/min for 30 seconds. 

 
B.5 Determination of the Molecular Weight Averages and Concentration 

The molecular weight distribution is defined by a series of volume slices (i) containing 

a specific concentration of molecules presumed to be similar in their molecular 

weights.30, 53-55 The concentration of the molecules in each slice is determined from the 

refractive index detector signal according to equation (1a). In contrast, their molecular 

weight is determined using the Zimm formalism equation and based on the assumption 

that the polydispersity of the molecules is negligible. Briefly, the Zimm formalism 

relates the measured light scattering signal intensity to the molecular weight and 

concentration of the molecules, equation (1b).30, 53-55 The data obtained from each slice 

is then used to calculate the molecular weight averages of the distribution, namely the 

weight- (Mw) and number-average (Mn), see equations (1c-1d).30, 53-55 

 

Where RI is the measured refractive index signal, KRI is the calibration constant and η0 

is the refractive index of the detector cell reference solvent. The subscript i indicates 

the elution volume slice.  
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Where K is an optical constant that is dependent on the ∂n/∂c of the matrix; C is the 

concentration; MW is molecular weight; Rθ is the excess Rayleigh ratio of the solution 

(ratio of the scattered and incident light intensity) and A2 is the second virial coefficient 

which is a measure of sample-sample interaction.  

 

Note the sum of Ci (∑Ci) is the total concentration of the distribution. 

B.6 Estimation of the ∂n/∂c 

B.6.1 Measurement Protocol 

The ∂n/∂c value of the conjugate was estimated online from the RI detector signals of 

its control amphiphilic diblock copolymer. Polymer solutions of known concentrations 

were prepared using the aqueous solvent and were measured by AF4 without applying 

a separation cross-flow field to fulfil the assumption of 100% recovery. Any 

inconsistency in the detected cumulative concentration was therefore related back to an 

erroneous ∂n/∂c value and the ∂n/∂c was adjusted until the target concentration was 

met. At least three consistent measurements were collected per solution and the mean 

∂n/∂c value obtained was 0.2105 ± 0.0027 mL/g (at 25°C, λ = IR-UV range). 

Note that an online approach was implemented as it is fast, straightforward and requires 

the preparation of fewer samples in comparison to batch analyses.30, 55 In addition, the 

group has validated the accuracy of this approach using common polymer standards 

whose ∂n/∂c values are available in the literature. 

B.6.2 Assumptions & Justification 

The unconjugated polymer was used to estimate the ∂n/∂c due to the much lower cyclic 

peptide yield attainable during synthesis (mg) and the higher synthesis costs. It was 

postulated that the ∂n/∂c value of the polymer and the conjugate are similar since the 

conjugate structure primarily compromises the attached polymers, i.e. by weight 

fraction. It was also assumed, in line with theory, that the ∂n/∂c value would be valid 
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for both unimers and nanotube assemblies as the ∂n/∂c vary negligibly with increasing 

molecular weight (from ≥ 103 Da).56-58 Lastly, it was theorised that the obtained ∂n/∂c 

value proportionately accounted for the contributions of both copolymer blocks.56, 57 

This assumption was necessary as the ∂n/∂c of the hydrophobic block could not be 

individually determined in the aqueous solution used for analysis. Regarding the 

preparation of the polymer solutions, it is worth noting that DMSO was not added as it 

would have falsified the refractive index (RI) readings. This is because when 

conducting ∂n/∂c measurements, the sample and measurement eluent must match so 

that changes in the RI readings can be solely accounted to the sample at a specific 

concentration.55 Nonetheless, it was confirmed that the polymer behaviour in the 5% 

DMSO and 0% DMSO solutions was the same.18  

B.7 Estimation of the Dispersity (Upper and Lower Limits) 

Dispersity within a distribution was measured by standard deviation (σ), which defines 

the variation of points away from the average value.38, 59, 60 In this study, the deviation 

is determined based on an empirical probability rule that applies to any distribution 

type.38 Under this rule, at least 75% of the distribution values fall within two standard 

deviations (±2σ) away from the mean.38 The upper and lower molecular weight limits 

corresponding to a 75% confidence interval were determined from each detected peak's 

cumulative molecular weight distribution plot.30 Note the relative standard deviation 

([σ/mean]*100) was used to compare the dispersity between different populations or 

samples. 
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