
Cite This: https://doi.org/10.1021/acsanm.6c03452 Read Online

This article is licensed under CC-BY 4.0

© XXXX The Authors. Published by
American Chemical Society

ACS Appl. Nano Mater. XXXX, XXX, XXX–XXXA

www.acsanm.org Article 

Nanoscale Anisotropy of SWCNTs Promotes Enhanced Diffusion in 
Heterogeneous Complex Fluids 
Published as part of ACS Applied Nano Materials special issue “Early Career Forum 2026”. 

Sepehr Yari, Mohammadjavad Haji Rezaei, Leila Chowning, Daniel Roxbury,* and Ryan Poling-Skutvik* 

ACCESS | Metrics & More | Article Recommendations | Supporting Information 

ABSTRACT: Single-walled carbon nanotubes (SWCNTs) are 
anisotropic nanoparticles with unique mechanical, electrical, and 
optical properties. These properties have enabled applications in 
reinforcing nanocomposites, drug delivery, biosensing, and bio-
medical imaging, where their performance depends on transport 
through complex fluids. The mechanisms governing SWCNT 
transport in structured heterogeneous fluids, however, remain 
poorly understood because of their multiple characteristic length 
scales that can be smaller than or comparable to the structural 
length scales of the surrounding fluid. Here, we investigate the 
dynamics of SWCNTs in semidilute poly(ethylene oxide) solutions 
by systematically varying polymer concentration and molecular 
weight. We directly compare their transport with that of spherical 
nanoparticles (SNPs) with comparable characteristic dimensions to isolate the effect of particle anisotropy. SWCNTs exhibit sub-
stantially enhanced diffusivities up to 300× faster than Stokes−Einstein predictions. These deviations emerge at lower polymer 
molecular weights and are considerably larger than those observed for SNPs. SWCNT dynamics collapse onto a single curve when 
plotted as a function of the ratio of nanotube length to the polymer correlation length even well into the entangled regime, whereas 
SNPs exhibit a steeper power-law decrease that reflects coupling to entanglement dynamics. Moreover, SWCNTs exhibit pronounced 
non-Gaussian distributions of particle displacements, which confirm that SWCNTs experience different viscosities when transporting 
along or perpendicular to their length. Our results show that the nanoscale diameter of SWCNTs enables them to avoid constraints 
imposed by the polymer network and that their anisotropic geometry gives rise to distinct coupling to polymer microstructure and 
multiple diffusive modes. These findings reveal the mechanisms governing enhanced SWCNT transport and non-Gaussian statistics in 
structured complex media and provide a framework for predicting SWCNT dynamics in soft matter and biological environments. 
KEYWORDS: nanoparticle dynamics, polymer solutions, single-walled carbon nanotubes, probe anisotropy, particle tracking 

1. INTRODUCTION 
Nanoparticles possess unique physicochemical characteristics 
arising from interfacial and quantum effects that are absent in 
bulk materials.1 Because of these unique properties, nano-
particles are widely utilized in applications such as enhanced oil 
recovery,2−4 nanocomposite materials,5−7 and biomedical 
technologies including nanomedicine8−11 and biological im-
aging.12−14 In many of these applications, nanoparticles must 
transport through structurally heterogeneous complex fluids 
such as polymer solutions and melts, mucus, extracellular ma-
trices, and the crowded cytoplasm. Understanding nanoparticle 
transport within these complex fluids is therefore essential for 
understanding and optimizing their performance. 

In a homogeneous solution, the transport of spherical 
nanoparticles (SNPs) is classically described by the Stoke-
s−Einstein (SE) equation D = kBT/6πηRNP, which predicts the 
particle diffusivity D from its radius RNP, the bulk viscosity of the 

surrounding medium η, and thermal energy kBT. In many of the 
aforementioned applications, however, the underlying as-
sumption of the SE model no longer holds because the particle 
size becomes comparable to the characteristic length of the 
inhomogeneities in the medium. For SNPs, theoretical15−19 and 
experimental studies20−22 have shown that nanoparticle dy-
namics are decoupled from the bulk viscosity inside polymer 
matrices and instead dictated by either the segmental relaxations 
or the reptation of the polymer, depending on the ratio of 
nanoparticle size RNP to polymer radius of gyration Rg, corre-
lation length ξ, or tube diameter aT. These size ratios therefore 
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dictate how isotropic probes move through heterogeneous 
solutions. 

Anisotropic particles provide properties that are not acces-
sible with isotropic spheres. Single-walled carbon nanotubes 
(SWCNTs) are a particularly attractive class of anisotropic 
nanoparticles due to their unique features. SWCNTs have a high 
elastic modulus, low density, and excellent electrical conduc-
tivity, making them promising reinforcing agents for nano-
composites.23−25 Their high surface area, tunable surface 
chemistry, and high drug-loading capacity make them ideal 
candidates for encapsulating and delivering therapeutic 
agents.26−29 Moreover, SWCNTs are highly photostable, 
demonstrating resistance to photobleaching and blinking.30 

Owing to these unique optical features as well as biocompati-
bility when wrapped with appropriate functionalization, 
SWCNTs are widely used in biosensing31−34 and biomedical 
imaging.35,36 

SWCNTs are characterized by multiple length scales—spe-
cifically their diameter d and length L—and therefore, theories 
developed for SNPs are not appropriate to predict their be-
havior. Prior studies of nanorods,37−39 stiff filaments,40 and 
semiflexible rod-like viruses41,42 have demonstrated that an-
isotropic particles can exhibit substantially enhanced transport 
relative to SE predictions in complex fluids. These studies 
further showed that anisotropy gives rise to distinct transport 
modes, leading to anisotropic diffusion, non-Gaussian dynamics, 
and coupling to polymer microstructure and dynamics that 
cannot be described by a single particle length scale. Despite 
these studies, our understanding of the mechanisms underlying 
SWCNTs transport in structured complex fluids remains 
incomplete. 

Here, we investigate how the anisotropy of SWCNTs in-
fluences transport in structurally heterogeneous polymer solu-
tions by comparing their dynamics with those of SNPs of 
comparable characteristic dimensions. We systematically vary 
polymer concentration and molecular weight to independently 
tune the solution viscosity and polymer characteristic length 
scales and use single-particle tracking to quantify nanoparticle 
dynamics. We find that SWCNTs exhibit substantially enhanced 
transport relative to SE predictions, with deviations emerging at 
lower polymer molecular weights than for SNPs. Furthermore, 
the SWCNT dynamics collapse onto a master curve as a 
function of the ratio of nanotube length to the polymer cor-
relation length and continue to follow this scaling within the 
entangled regime. By contrast, SNP dynamics deviate from the 
same scaling upon entering the entangled regime, highlighting a 
fundamental difference in how isotropic and anisotropic 
nanoparticles interact with polymer microstructure. Finally, 
SWCNTs exhibit pronounced non-Gaussian displacement 
distributions with extended tails and sharp peaks that increase in 
magnitude with polymer concentration, as opposed to the 
Gaussian distributions observed for SNPs. Together, these re-
sults demonstrate that SWCNT anisotropy facilitates dynamic 
coupling to the polymer network distinct from that of analogous 
spherical particles to promote enhanced diffusion. These 
findings establish a mechanistic framework for understanding 
and predicting the transport of SWCNTs in complex fluids. 

2. MATERIALS AND METHODS 
Raw high-pressure carbon monoxide (HiPco)-synthesized SWCNTs 
were purchased from NanoIntegris. Sodium deoxycholate (SDC) and 
glycerol were purchased from Thermo Scientific. Poly(ethylene oxide) 

(PEO) of various molecular weights was purchased from Scientific 
Polymer and Sigma-Aldrich. Poly(methyl methacrylate) (PMMA) 
tracker particles with carboxyl-functionalized surfaces and a nominal 
diameter of 100−150 nm were purchased from PolyAn. 

2.1. SWCNT Functionalization 
SWCNTs are intrinsically hydrophobic and chemical functionalization 
is required to suspend them in aqueous solutions.43 Pristine SWCNTs 
were dispersed in an SDC solution prepared in deionized (DI) water (1 
wt %). A 10:1 mass ratio of SDC to SWCNTs in DI water was vortex- 
mixed and ultrasonicated using a 1/8″ tapered microtip for 30 min at 
40% amplitude (Sonics Vibracell VCX-130) to obtain a stable dis-
persion. The suspension was then ultracentrifuged at 63,000 rpm for 
30 min at 10 °C (Optima L-100 XP, Beckman Coulter), and the top 
80% of the supernatant was collected, while the pellet containing 
aggregates and impurities was discarded. A schematic illustration of the 
SWCNT dispersion and purification process is shown in Figure 1a. The 
concentration of the resulting SWCNT dispersion was determined to 
be 680 mg/L using UV−vis−NIR spectroscopy with an extinction 
coefficient of A910 = 0.02554 L mg−1 cm−1 (Supporting Information, 
Figure S1).44 Atomic force microscopy (AFM) measurements fol-
lowing similar surfactant assisted dispersion protocol for HiPco 
SWCNTs have reported an apparent nanotube diameter of 1−3 nm.45 

Moreover, previous work46 used AFM to quantify the average length of 
these SWCNTs to be 120 nm with a range of 70−168 nm following 
functionalization and ultrasonication. 

2.2. Sample Preparation 
Semidilute solutions of PEO with molecular weights Mw ranging from 
35 kDa to 4 MDa in water were prepared by adding polymer to de-
ionized water at concentrations ranging from 1 to 30 c*. The solutions 
were then homogenized on a roller for two weeks to ensure complete 
polymer dissolution. The overlap concentration was calculated as c* = 
1/[η], where the intrinsic viscosity was obtained from the Mar-
k−Houwink equation [η] = KMa

w with K = 1.25 × 10−2 mL g−1 and 
a = 0.78.47 The unperturbed radius of gyration was estimated as 
Rg,0 = (3Mw/4πNAc∗)1/3, and the polymer correlation length was 
calculated as ξ = Rg(c/c∗)−0.77. Resulting values of Rg,0 and ξ are 
provided in Supporting Information in Tables S1−S3. Spherical 
PMMA nanoparticles (SNPs) and SDC-wrapped SWCNTs were 
added to the solutions at a volume fraction of ϕ ≈10−6 in 1 mL 
microtube vials and vortex-mixed for 2 min to ensure particle dis-
persion. The solutions were then added into glass slide chambers and 
sealed with epoxy to prevent evaporation following established pro-
tocols.48 A schematic illustration of the sample preparation procedure is 
shown in Figure 1b. Under these conditions, strong electrostatic 
particle−polymer interactions are not expected. PEO is non-ionic, 
while both the carboxyl-functionalized PMMA nanoparticles and SDC- 
wrapped SWCNTs possess negatively charged carboxylate surface 
chemistries. No signs of strong attractive interactions with PEO are 
observed, which would manifest as dynamics slower than SE predic-
tions. Similarly, no polymer-induced aggregation or phase separation 
was observed, as shown by representative sample snapshots in the 
Supporting Information (Figure S4), providing no evidence of strongly 
repulsive interactions between the polymer and particles. Thus, the 
interactions between particles and polymer chains in solution are 
expected to be effectively neutral. The SWCNT addition resulted in a 
residual SDC concentration of approximately 50 μM in the polymer 
solutions, well below its critical micelle concentration. SNP controls 
with and without 50 μM SDC exhibit nearly identical dynamics 
(Supporting Information, Figure S5), indicating that residual SDC has 
a negligible effect on probe transport. 

2.3. Bulk Rheology 
Rheology measurements were performed on a TA Instruments HR-20 
rheometer using either a parallel plate geometry with a 20 mm diameter 
for high viscosity samples or a concentric cylinder setup with a 30 mm 
cup and 28 mm bob for low-viscosity samples. Viscosity measurements 

https://doi.org/10.1021/acsanm.6c03452 

ACS Applied Nano Materials www.acsanm.org Article 

D
ow

nloaded from
 pubs.​acs.​org/​aanm

f6/​article-pdf/​doi/​10.​1021/​acsanm
.​6c03452/​68768195/​an6c03452.​pdf by U

N
IV O

F R
H

O
D

E ISLAN
D

 user on 07 O
ctober 2026

https://pubs.acs.org/doi/suppl/10.1021/acsanm.6c03452/suppl_file/an6c03452_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.6c03452/suppl_file/an6c03452_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.6c03452/suppl_file/an6c03452_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.6c03452/suppl_file/an6c03452_si_001.pdf
https://doi.org/10.1021/acsanm.6c03452
https://www.acsanm.org?ref=pdf


C ACS Appl. Nano Mater. XXXX, XXX, XXX–XXX

were obtained from the zero-shear limit of a steady-shear flow sweep 
performed at 20 °C, in which the shear rate was varied from 0.01 to 
100 s−1. Example flow sweeps and solution viscosities are found in 
Supporting Information (Figures S2 and S3). Within experimental 
uncertainty, the viscosity collapses across molecular weights when 
plotted against c/c*, consistent with polymer solution scaling theory.49 

The small deviations between molecular weights likely arise from 
polymer dispersity and scaling law estimates. 

2.4. Optical Microscopy 
Because of the different excitation and emission wavelengths of op-
tically fluorescent spherical particles and near-infrared fluorescent 
SWCNTs, imaging was performed on two separate microscope sys-
tems. SNP solutions were imaged using a Leica DMi8 inverted mi-
croscope equipped with a Prime 95B scientific CMOS (sCMOS) 
camera and a green filter cube, using a 100× oil-immersion objective 
with a numerical aperture (NA) of 1.4. SWCNT solutions were imaged 
on an Olympus IX-73 inverted microscope using a 3 W 730 nm ex-
citation laser and a 100× oil-immersion objective with an NA of 1.49. 
The corresponding diffraction-limited lateral resolutions for the two 
microscope systems were estimated using the Rayleigh criterion, dl = 
0.61λ/NA,50,51 where λ is the wavelength of the emitted light and NA is 
the numerical aperture of the objective lens. Using a representative 
green fluorescence emission wavelength for the SNPs and an average 
SWCNT emission wavelength of 1150 nm (corresponding to the 
950−1350 nm emission range), the diffraction limits were estimated to 
be approximately 215 nm for SNP imaging and 470 nm for SWCNT 
imaging. For each sample, at least five videos were recorded in random 
locations to ensure sufficient statistical sampling. Videos were acquired 
at frame rates ranging from 1 to 30 Hz depending on particle dynamics. 
Snapshots of example videos are provided in the Supporting Infor-
mation (Figure S4). 

2.5. Particle Tracking 
Particle tracking analysis was performed on captured videos via in- 
house MATLAB code, in which particle centroids were located and 
tracked over time.52 The tracking resolution was determined to be ε 
≈30 nm on each microscopy. The resolution was quantified by fixing 

SWCNTs and SNPs to the glass slide and measuring the resulting 
dynamics (Supporting Information, Figure S9). Following the ana-
lytical approach of our previous work,53 we calculated various pa-
rameters from particle trajectories. First, the one-dimensional, 
ensemble-averaged mean-squared displacement (MSD) is calculated 
as a function of lag time Δx2(Δt) = (1/N)∑N

i=1[xi(t + Δt) − xi(t)]2 

− ((1/N)∑N
i = 1[xi(t + Δt) − xi(t)])

2
, where xi(t) is the position of 

particle i at time t, N is the total number of displacement events in-
cluded at each lag time Δt, and the second term corrects for bulk drift. 
The linear region of MSD versus lag time for each sample was fit to 
extract the diffusion coefficient D according to 〈Δx2(Δt)〉 = 2DΔt. 
Distributions of particle displacements54 (DPDs) were calculated ac-
cording to Gs(Δx,Δt) = N−1∑N

i δ(xi(t) − xi(t + Δt) − Δx), where δ 
is the Dirac delta and N is the total number of particles. Finally, the non- 
Gaussian parameter α was calculated from these distributions according 
to α = 〈Δx4(Δt)〉

3〈Δx2(Δt)〉2 − 1. 

3. RESULTS AND DISCUSSION 
We begin by comparing the dynamics of comparably sized 
spherical nanoparticles (SNPs) and single-walled carbon 
nanotubes (SWCNTs). From particle tracking measurements in 
a Newtonian solution of 50% glycerol−water, we determine that 
the SNPs and SWCNTs have a translational diffusivity D = 
0.46 ± 0.03 μm2/s and 1.13 ± 0.02 μm2/s, respectively 
(Supporting Information, Figure S6). Using the SE equation 
and the solution viscosity η = 6.2 mPa s, these diffusivities 
correspond to hydrodynamic diameters of dH = 150 ± 10 nm 
for the SNPs and dH = 61.3 ± 1.1 nm for the SWCNTs. We 
convert this measurement into an effective SWCNT length by 
approximating the nanotubes as rigid, slender rods (L ≫ d) for 
which d2

H = L2/3.49 Under this assumption, we find that the 
SWCNTs have an effective length of L = 106 ± 2 nm, which is 
comparable to the SNP hydrodynamic diameter and in good 
agreement with previous measurements from AFM.46 For 

Figure 1. Schematic illustration of (a) SWCNT functionalization, in which pristine SWCNT powder was dispersed in 1 wt % SDC in DI water by 
sonication and purified by ultracentrifugation to remove bundles and impurities, yielding well-dispersed SDC-wrapped SWCNTs, and (b) sample 
preparation for imaging, in which SDC-wrapped SWCNTs or PMMA SNPs were dispersed in PEO solutions by vortex mixing before loading into glass 
slide microscope chambers. 
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anisotropic rods, however, a single translational diffusivity 
measurement provides a non-unique solution for L and d be-
cause rod-diffusion models depend on both dimensions. Al-
ternative estimates for rod dimensions are provided in the 
Supporting Information (Figure S8) and are consistent with this 
hydrodynamic estimate when accounting for possible changes in 
the effective SWCNT diameter from the SDC wrapping and 
bound hydration layers. Under the assumptions of the SE 
prediction, we expect that SWCNTs and SNPs should exhibit 
similar diffusive dynamics in complex fluids because of their 
similar size. 

To test this expectation, we investigate the dynamics of SNPs 
and SWCNTs in semidilute solutions of PEO at varying con-
centration and Mw. These solutions serve as model complex 
fluids in which the viscosity and length scales—such as the 
correlation length ξ, polymer radius of gyration Rg, and tube 
diameter aT—can be tuned independently.20,49 For SNPs in 
polymer solutions at a fixed molecular weight of 600 kDa, 
nanoparticle mobility decreases with increasing polymer con-
centration due to the increase in viscosity (Figure 2a). At low 
polymer concentrations, the MSDs are linear with respect to 
time, indicating Fickian diffusion. At higher polymer concen-
trations (i.e., 20 c* and 30 c*), however, the SNP dynamics 
deviate from this linear scaling at short times and instead exhibit 
subdiffusive motion to scale as 〈Δx2(Δt)〉∼ tβ with β <1. This 
two-step regime, which crosses over from subdiffusive to 
diffusive behavior on longer times, is commonly observed for 
SNPs inside polymer solutions55−58 when the particle size 
RNP is comparable to the characteristic size of the polymer. 
These observations highlight the importance of the particle- 
to-polymer size ratio in governing nanoparticle transport 
through structurally heterogeneous polymer solutions. 

To probe the effect of the particle-to-polymer size ratio, we 
investigate the dynamics of SNPs inside solutions with the same 
viscosity but different length scales. By varying polymer Mw 
from 35 kDa to 4 MDa at a constant c, we create a set of 
solutions with nearly identical viscosities but with R g,0 varying 
from 8 to 140 nm (Supporting Information, Figure S3). As a 
result, we observe quantitatively similar particle dynamics for 
Mw ≤600 kDa, with substantially faster SNP dynamics emerging 
only at higher Mw (i.e., 900 kDa and 4 MDa) (Figure 2b). Given 
the similar viscosity for all solutions, these enhanced dynamics 
indicate that particle dynamics decouple from the bulk solution 
viscosity when the nanoparticle is sufficiently small relative to 
the polymer. We quantify these enhanced dynamics by nor-
malizing the SNP diffusivity by the diffusivity in pure solvent D0 
to remove explicit size dependence and compare to predictions 
from bulk rheology. As observed from the MSDs, we find that D/ 
D0 decreases with increasing polymer concentration and agree 
well with SE predictions for low Mw with significant deviations 
observed for higher Mw (Figure 2c). These deviations are con-
sistent with our prior studies20 and theoretical predictions,15 in 
which enhanced diffusivities arise from dynamic coupling of the 
nanoparticle to structural heterogeneities and segmental relaxa-
tions of the polymer. 

To explore the effect of nanoparticle geometry, we next 
perform identical particle-tracking experiments with the rod- 
shaped SWCNTs. Similar to the observations for SNPs, 
SWCNT dynamics decrease with increasing polymer concen-
tration at a fixed Mw of 600 kDa due to the increased bulk 
viscosity. The magnitude of this decrease and the short-time 
dynamics, however, differ substantially from those of SNPs. 
Specifically, we observe a much more modest reduction in 

mobility with increasing polymer concentration, and the 
SWCNTs remain Fickian across all concentrations. Unlike the 
SNPs, we do not observe short-time subdiffusive dynamics. 
Moreover, at a fixed concentration of 20 c*, we observe slow 
dynamics for the 35 kDa solution but significantly enhanced 
dynamics for Mw ≥ 300 kDa (Figure 3b). In contrast to SNPs, 
where enhanced dynamics emerge only at the highest molecular 
weights, SWCNTs exhibit this transition at considerably lower 
Mw. More quantitatively, the relative diffusivities D/D0 for 
SWCNTs exhibit deviations from bulk predictions at lower Mw 
(i.e., 300 kDa) and show significantly larger deviations from the 
SE relation compared to SNPs (Figure 3c). Given the com-
parable characteristic dimensions of the SNPs and SWCNTs, 
this contrast in particle dynamics implies that the nanoparticle 
geometry influences transport in structured polymer solutions. 

For a more direct comparison of SWCNT and SNP deviations 
from SE predictions, we calculate the enhanced diffusivity 
relative to SE predictions D/DSE. For SNPs, D/DSE remains 
close to unity for all concentrations of Mw ≤ 900 kDa, indicating 
good agreement with SE predictions (Figure 4a). We observe 
pronounced increases in D/DSE only for highly concentrated 
solutions of Mw = 4 MDa. By contrast, SWCNTs exhibit sig-
nificantly enhanced dynamics at much lower molecular weights 
(i.e., Mw ≥ 300 kDa). Specifically, SWCNTs exhibit diffusivities 
up to 300× faster than SE predictions (Figure 4b). The earlier 
onset and larger deviation of SWCNTs suggest that their 
structural anisotropy fundamentally alters coupling to the sur-
rounding polymer microstructure and segmental relaxations. 

Earlier theoretical work15 has shown that SNP diffusivities in 
semidilute polymer solutions scale as D/D0 ∼ (RNP/ξ)−2 be-
cause particle transport is governed by an effective local viscosity 
associated with polymer segmental relaxations rather than the 
bulk solution viscosity. Consistent with this framework, we 
observe that the normalized diffusivities of SNPs collapse onto a 
single master curve and follow the expected −2 scaling at low-to- 
intermediate values of RNP/ξ (i.e., RNP/ξ < 4) (Figure 5). At 
larger values of RNP/ξ, however, the diffusivity deviates from 
the −2 scaling and exhibits a sharper power-law decay. This 
crossover occurs near the onset of the entangled regime in 
aqueous PEO solutions at ce ≈ 5c* according to our rheological 
measurements and literature reports.21,59 For entangled solu-
tions, particle motion is constrained by chain entanglements 
relaxing through reptation, causing the particles to no longer 
couple to segmental relaxations. Such entanglement-controlled 
dynamics are predicted theoretically15 and confirmed 
experimentally.21,22 

For anisotropic nanoparticles with multiple characteristic 
dimensions, identifying the relevant length scale controlling 
dynamics is less straightforward. Prior studies on semiflexible 
rod-like viruses41 reported effective length scales intermediate 
between the particle length and radius. In our system, we find 
that the normalized diffusivities of SWCNTs collapse onto a 
single curve that agrees with the SNP collapse when plotted as a 
function of L/ξ (Figure 5). Similar to SNPs, the dynamics of 
SWCNTs follow the approximate −2 scaling, confirming that 
their dynamics couple to the segmental relaxations of the 
polymer mesh along the nanotube length. But, in contrast to 
SNPs, SWCNTs continue to follow this scaling even within the 
entangled regime. We hypothesize that this difference in cou-
pling arises from the anisotropic geometry of SWCNTs. Because 
the SWCNT diameter ( ≈ 1 nm) remains substantially smaller 
than the polymer tube diameter aT, the nanotubes are not 
localized by the entanglement network. As a result, polymer 
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entanglements may play a less important role in governing the 
overall SWCNT transport. To investigate the transport 
mechanisms underlying these anisotropy-induced differences in 
dynamics, we next examine the distributions of particle dis-
placements (DPDs) for SWCNTs and SNPs. 

We normalize the DPDs by the square root of the MSD at a 
lag time Δt to enable comparison across samples with different 
particles, polymer concentrations, and molecular weights. For 
SNPs, the DPDs remain approximately Gaussian across all 

polymer concentrations and Mw (Figure 6a,b), consistent with 
prior studies.20,41,48 The Gaussian DPDs suggest that SNPs 
couple uniformly to the surrounding polymer microstructure 
over the conditions examined and that increasing polymer 
concentration and molecular weight do not introduce qualita-
tively different transport mechanisms for SNPs. 

By contrast, SWCNTs exhibit pronounced non-Gaussian 
behavior characterized by sharp peaks near Δx = 0 and ex-
tended tails at large displacements (Figure 6c,d). At fixed Mw, 

Figure 2. Mean-squared displacement (〈Δx2〉, MSD) as a function of time for SNPs in solutions of (a) 600 kDa PEO at different polymer 
concentrations and (b) a concentration of 20 c/c* for different Mw. Dashed lines represent linear scaling. (c) Normalized diffusivity D/D0 of SNPs as a 
function of c/c* for various Mw. Dashed line and open symbols represent the SE predictions and the shaded region represents uncertainty. 
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these non-Gaussian characteristics increase with polymer con-
centration. The non-Gaussian behavior is observed across all 
molecular weights, with the strongest deviations occurring near 
Mw = 600 kDa. The sharp peak near Δx = 0 implies an in-
creased probability of small displacements, whereas the ex-
tended tails indicate an increased probability of large dis-
placements relative to a Gaussian distribution. Importantly, 
analysis of the individual particle diffusivity distributions 

(Supporting Information, Figure S10) shows no distinct pop-
ulation with D near the tracking resolution limit, confirming that 
the enhanced probability of small displacements arises from 
transiently localized rather than permanently stuck particles. To 
quantify these observations, we calculate the non-Gaussian 
parameter α. Consistent with the Gaussian DPDs, α remains 
close to zero for SNPs across nearly all conditions (Figure 7a). 
By contrast, SWCNTs exhibit values greater than zero across all 

Figure 3. Mean-squared displacement (〈Δx2〉, MSD) as a function of time for SWCNTs in solutions of (a) 600 kDa PEO at different c/c* and (b) at a 
concentration of 20 c/c* for different Mw. Dashed lines represent linear scaling. (c) Normalized diffusivity D/D0 for SWCNTs as a function of polymer 
concentration c/c* for various Mw. Dashed line and open symbols represent the SE predictions and the shaded region represents uncertainty. 

https://doi.org/10.1021/acsanm.6c03452 

ACS Applied Nano Materials www.acsanm.org Article 

D
ow

nloaded from
 pubs.​acs.​org/​aanm

f6/​article-pdf/​doi/​10.​1021/​acsanm
.​6c03452/​68768195/​an6c03452.​pdf by U

N
IV O

F R
H

O
D

E ISLAN
D

 user on 07 O
ctober 2026

https://pubs.acs.org/doi/suppl/10.1021/acsanm.6c03452/suppl_file/an6c03452_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.6c03452?fig=fig3&ref=pdf
https://doi.org/10.1021/acsanm.6c03452
https://www.acsanm.org?ref=pdf


G ACS Appl. Nano Mater. XXXX, XXX, XXX–XXX

conditions, with a pronounced maximum near Mw = 600 kDa 
for all concentrations (Figure 7b). 

Because SNPs are isotropic, their transport is well described 
as a random walk with a single diffusive mode, such that particles 
have equal probability of moving in any direction. As a result, 

their displacement distributions remain Gaussian and α stays 
near zero across the conditions investigated,60 even in the 
presence of viscoelasticity and structural heterogeneity. The 
observed non-Gaussian displacement distributions for 
SWCNTs can arise through a number of mechanisms, including 

Figure 4. Enhanced diffusivity D/DSE as a function of polymer concentration c/c* for (a) SNPs and (b) SWCNTs. The color gradient from light to 
dark represents increasing Mwfrom 35 kDa to 4 MDa. Dashed line denotes D/DSE = 1, corresponding to agreement with SE predictions. 

Figure 5. Normalized diffusivity D/D0 as a function of normalized length scale RNP/ξ for SNPs and L/ξ for SWCNTs. Dashed line represents the 
predicted −2 scaling from Ref. [15]. Open symbols denote data corresponding to the entangled regime. 

Figure 6. Distribution of particle displacements (DPDs) as a function of displacement normalized to diffusion distance Δx(2DΔt)−1/2 at a lag time 
Δt = 1 s for (a,b) spherical nanoparticles and (c,d) SWCNTs. Panels (a,c) show DPDs in 900 kDa solutions for varying polymer concentrations and 
panels (b,d) show DPDs in solutions of 20 c/c* for varying Mw. Dashed lines indicate Gaussian predictions. 
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length polydispersity, bundling, or heterogeneity in the local 
environment. We observe minor contributions from length 
polydispersity with α ≈ 0.22 when measured in a homogeneous, 
Newtonian fluid of a 50% glycerol−water solution (Supporting 
Information, Figure S7). Thus, length polydispersity alone 
cannot explain the pronounced non-Gaussian distributions 
observed in PEO solutions. Significant bundling is also unlikely. 
Bundles would have a larger hydrodynamic size and therefore 
diffuse more slowly but we do not observe SWCNT dynamics 
slower than SE predictions. Environmental heterogeneity may 
also contribute to the observed distributions, but SNPs remain 
approximately Gaussian under the same PEO conditions, 
suggesting that sample heterogeneity alone does not account for 
the strong non-Gaussian behavior of SWCNTs. 

Instead, the relevant distinction is that anisotropic nanorods 
in complex fluids can exhibit substantially faster motion parallel 
to their length than perpendicular to it.37,40,61 We therefore 
attribute the non-Gaussian DPDs and elevated α values ob-
served for SWCNTs to differences in transport along these two 
directions.62,63 Because the SWCNT length and diameter 
couple differently to the surrounding polymer microstructure, 
motion parallel and perpendicular to the nanotube axis expe-
rience different hydrodynamic constraints, resulting in a dis-
tribution of diffusivities. The maximum in α near Mw = 600 kDa 
further supports this interpretation. At lower molecular weights, 
the polymer length scales remain small compared to the 
nanotube length, leading to strong differences between trans-
port parallel and perpendicular to the nanotube axis. As the 
polymer molecular weight increases beyond 600 kDa, the 
characteristic polymer length scales become increasingly com-
parable to the SWCNT length so that transport perpendicular to 
the SWCNT length can also decouple from bulk viscosity. As a 
result, both perpendicular and parallel dynamics deviate from SE 
predictions, reducing the difference between these transport 
modes and resulting in a decrease in α with Mw. Our results 
demonstrate that the observed non-Gaussian behavior of an-
isotropic nanoparticle dynamics originates from the presence of 
multiple transport modes arising from the multiple characteristic 
length scales of SWCNTs. This mechanistic picture provides a 
physical basis for the enhanced transport and distinct scaling 
behavior of SWCNT dynamics relative to those of SNPs. 

4. CONCLUSIONS 
We investigated the effect of nanoparticle anisotropy on 
transport in semidilute polymer solutions by comparing the 
dynamics of SWCNTs and SNPs with comparable characteristic 
dimensions. SWCNTs exhibit substantially enhanced transport, 

with deviations from Stokes−Einstein predictions emerging at 
lower polymer molecular weights and increasing more strongly 
with polymer concentration than what is observed for SNPs. 
These differences indicate that SWCNTs couple to the sur-
rounding polymer microstructure differently than isotropic 
nanoparticles. We find that SWCNT transport is governed by 
the nanotube length relative to the characteristic polymer length 
scales. Unlike SNPs, SWCNTs continue to exhibit enhanced 
transport in the entangled regime. The distributions of particle 
displacements and non-Gaussian parameters further show that 
SWCNT transport is facilitated by multiple transport modes 
that arise from anisotropic motion parallel and perpendicular to 
the nanotube axis. Together, these results provide a mechanistic 
picture for the enhanced transport of SWCNTs in complex 
fluids. This understanding may enable the use of SWCNTs as 
sensitive microrheological probes of local structure and dy-
namics in soft matter and biological environments,64−69 as well 
as providing useful insights for targeted drug delivery in crowded 
media.70 
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