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This manuscript introduces a groundbreaking framework for understanding, . FoW o0 ex
nanoparticle geometry influences interfacial thermal resistance in plasmonic
nanostructures. By developing a geometry-driven scaling law, the work connects
nanoparticle shape to thermal transport at the metal-liquid interface, establishing a
predictive relationship that applies across various nanostructure morphologies—
spheres, rods, and nanostars. The key innovation is the identification of a single
dimensionless geometry factor that governs heat exchange, allowing for predictive
design rules in thermoplasmonics, energy harvesting, and sensor systems. This work
transcends material-specific or optical driving conditions, offering a robust, scalable
approach for engineering heat flow in nanostructured systems.
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Abstract

Heat exchange between metal nanoparticles and their surrounding liquid plays a
central role in thermoplasmonics, photonics, and nanoscale sensing. Yet it remains
difficult to predict how particle shape influences interfacial thermal resistance. Here
we introduce a geometry-driven scaling theory supported by experiments that identi-
fies shape as the primary determinant of interfacial resistance and demonstrates that
this resistance scales linearly with the number of nanoscale heat sources within a given
fluid volume. Using a reduced single-time-constant description of thermal relaxation,
time-domain measurements yield volume-normalised interfacial resistances independent
of the surrounding fluid pathway. When expressed through appropriate geometric nor-

malisation, these resistances fall onto a master scaling trend across nano stars, spheres,
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and rods. The resulting scaling law, Rint vol(Anp/Vap)/RKio plotted against the geom-
etry factor D/L + o (hspike/Ttip) unifies structures of these different shapes by linking
their interfacial thermal behaviour to a single dimensionless geometry factor. This for-
mulation shows that geometry sets the governing law for interfacial heat transport at
the nanoscale, offering a compact design principle for engineering heat flow in a wide

range of nanostructured systems.

Keywords: Thermoplasmonics; LSPR; Geometry-driven-scaling; Nanoparticles; Sensors

1 Introduction

Controlling heat flow across interfaces is central to the operation and reliability of modern
nanoscale technologies from microelectronic cooling [I] and photothermal therapies [2] to
catalytic conversion [3| and energy harvesting [4]. As device dimensions shrink, thermal

transport increasingly depends not only on material composition but also on atomic struc-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

ture [5], curvature [6], and confinement [7] of nano/ sub-nanoscale features. Interfaces, rather

than bulk materials, often determine overall heat dissipation [§], yet our ability to predict

Open Access Article. Published on 16 June 2026. Downloaded on 6/18/2026 1:54:01 AM.

and tune interfacial resistance remains limited [9]. Developing rules that connect nanoscale

(cc)

geometry to heat flow is therefore essential for both fundamental understanding and rational
nanosale device design [10]. Plasmonic nanostructures offer a model platform for probing
such effects. When illuminated, their localized surface plasmon resonances (LSPRs) concen-
trate electromagnetic energy into nanoscale volumes and efficiently transduce light into heat
[11, 12]. This ability underpins applications in thermoplasmonics [13], nanophotonics [14],
catalysis [I5], and biosensing [16].

Nanoplasmonic materials are routinely tailored to optimise their optical and chemical
performance as LSPRs are highly sensitive to morphology, nanoparticle size, shape, and sur-
face chemistry, [I7, I8]. Yet, despite extensive control over optical and chemical properties,

the corresponding thermal behaviour, specifically how geometry dictates heat exchange at
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metal-liquid boundaries, has lacked a compact and predictive description that unifies dif-
ferent nanoparticle architectures [19]. At the nanoscale, the total thermal resistance (Ryy)
for a colloidal dispersion reflects both a fluid pathway and a nanoparticle-liquid interface.
In measurement, Ry, is defined from the observed temperature difference across a controlled
heat flux; conceptually, the interfacial portion is captured by a Kapitza resistance per unit
area Ryo (material baseline), modified by geometry [20, 2I]. Because geometry modulates
surface curvature [22], path length [23], and hot-spot localisation [24], it should, in principle,
dial the interfacial contribution. However, a simple, geometry-explicit law that is portable
across spheres, rods, and stars has been missing.

Here we develop and test a generic framework that makes this connection explicit and
experimentally tractable. Essentially in our test system we have nanoparticles of spheri-
cal /rod/star shapes suspended in the liquid (buffer in which they are prepared). We adopt a
two-temperature description for electrons and lattice with strong electron—phonon coupling,
and work in the limit where the relaxation is single-exponential with time constant 7. This
yields a parameter-lean conversion from time series to absolute, volume-normalised resis-
tances via 7 = Cy Ry vo1, Wwith C) the lattice volumetric heat capacity of the metal and Ry, vol
represents the total thermal resistance normalised by the probed fluid volume and contains
both the nanoparticle-liquid interfacial contribution and the device-level fluid contribution.
We determine the device-specific fluid contribution once (from baseline measurements) and
subtract it to isolate the interfacial term under both dark and illuminated conditions. We
then derive and test a geometry-explicit law for the interfacial contribution to the volumetric

Ry, of plasmonic nanostructures in liquid:

W D Rspike
Ringvol = NV, L Rxo (— +a =Pk ) (1)

P
Anp L Ttip

where NN, is the nanoparticle number in the fluid, Vi p/Ayp encodes the base size dependence,

Rkq is the material Kapitza resistance per unit area, and the bracketed term is a pure shape
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factor set by spike height hgpike and tip radius ry, (for rods and stars; it reduces to 1 for
spheres). Please also note that Vyp is the volume of an individual nanoparticle, and Ayp is
the surface area of an individual nanoparticle. Equation predicts the following geometry

collapse:

Rint vor (Axp/Vap) D spike
) =N - 2
Riko PAL e Ttip ( )

i.e., a straight line of slope IV, and zero intercept when the normalised interfacial term is
plotted against the geometry factor. Here, Ry denotes the baseline Kapitza resistance
per unit area for the Au-buffer interface. It is treated as a material/interfacial reference
parameter that is independent of nanoparticle geometry in the present model, see more
details in the Supplementary Information. In the proceeding text, we present the extraction
of 7 and Ry vo, quantify and remove the device fluid term, and demonstrate the predicted
collapse across spheres, rods, and nanostars. Full derivations and the identification protocol

are provided in the Experimental Methods and Supplementary Information.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

2 Results and Discussion

Open Access Article. Published on 16 June 2026. Downloaded on 6/18/2026 1:54:01 AM.

We first quantify the geometric descriptors that enter the scaling law and verify a stable
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operating window for all measurements. Scanning electron microscopy (SEM) establishes
sizes for three archetypal Au nanostructures: spheres with diameter 35 4+ 4nm and area
3,892 nm?, rods with length 55 4= 4 nm, diameter 10 & 1 nm and area 14,951 nm? and stars
with core 66 4+ 10nm, spike length 13.8 4+ 2.3nm and and area 10,589 nm?, see Figure 1a)i
(spheres), a)ii(rods), a)iii(stars) and b(area & volume). From these we compute the base
Axp/Vip and, for anisotropic stars, the inputs to the shape factor, namely spike height
hspike and tip radius 7p, see Supplementary Information and Figure 1b. In experiments
we employ a microfluidic heat-flow platform consisting of an aluminum (Al) sensor chip
mounted on a 37°C copper (Cu) block with dual thermometry (substrate 77, liquid 75) and

a constant heater power (heat-transfer rate) denoted by Q delivered by the electrical resistor,


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6nh00145a

Open Access Article. Published on 16 June 2026. Downloaded on 6/18/2026 1:54:01 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Horizons

View Article Online
DOI: 10.1039/D6NH00145A

Figure 1c,d. We define the measured thermal resistance as:

(3)

where @ has units of watts (W) and represents the net thermal power flowing from the
heated block into the liquid through the device (i.e., heat rate rather than heat flux).

To rule out thermally induced restructuring as a confounder, we record absorbance from
30-40°C and observe modest amplitude changes (less than 0.1 absorbance units) with nearly
fixed peak positions (no change in wavelength), as seen in Figure le. This confirms mor-
phological stability over the test window and sets the geometric and thermal context for
dynamical extraction of time constants next.

With geometry fixed, we next interrogate the thermal transport dynamics by analysing
the time-dependent Ry, trace, R,,(t), defined as the instantaneous temperature difference

divided by the applied power,
Ti(t) — Tx(t)

where P is the total input power (P = Fy in the dark and P = Py + P, under illumination,
with Py the electrical heater power and P, the optically absorbed power). In the dark, the

transient response is well described by a single exponential with a constant offset,
Rn(t) = Rye "+ C (5)

where Ry = R,,(0) is the initial value, C' = R,,(c0) is the nonzero steady baseline, and 7 is
the characteristic relaxation time obtained from fitting. Under illumination, the evolution
follows

Ry(t) = R + (Ro — Ro)e™/™ (6)

Page 6 of 26
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Figure 1: Geometry and thermal-optical characterization of plasmonic nanos-

tructures. (a) Scanning electron micrographs of gold nanostructures: (i) nanospheres, (ii)
nanorods, and (iii) nanostars. Scale bars: 500 nm. (b) Comparison of average particle
surface area (left axis, blue) and volume (right axis, red) extracted from SEM image anal-
ysis.  (c) Schematic of the temperature-controlled microfluidic platform used for thermal
and optical measurements, comprising an aluminum sensor chip, copper heat sink, and PID-
regulated heater. (d) Simplified cross-section showing fluid inlet/outlet and definition of
measured temperatures 77 and 75 used to extract total Ry,. (e) Temperature-dependent
optical absorbance spectra of (i) nanospheres, (ii) nanostars, and (iii) nanorods recorded
between 30 °C and 40 °C. Insets highlight the LSPR peak regions. Panels (iv—vi) sum-
marise the corresponding peak absorbance A(T) with linear fits (shaded +95% confidence
intervals), demonstrating minimal spectral drift and confirming morphological and optical
stability across the experimental temperature range.
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where R, denotes the illuminated steady-state level, determined by power partitioning as

Pabs Rth

o= ot 7
PO+Pabs ()

with Ry, the total Ry, (interface + fluid). The single time constant 7 links directly to the

overall resistance through the standard two-temperature reduction,
T = CoRin vol (8)

where Cy is the volumetric lattice heat capacity of Au. Inclusion of the baseline term C' in
Eq. avoids bias in 7 and, consequently, in the derived Ry, via Eq. . From the fitted 7

values, we obtain both the absolute and volume-normalised Ry:

T Rinvo
Rinvol = o Ry, = ﬁ (9)

where Viuiq is the liquid volume of the measurement cell. Figure [2/summarises these dynam-
ics 4 to [0} Figure [2h and b show experimental (dots) and fitted (lines) traces of Ry,(t) for
nanospheres, nanostars, and nanorods under dark and illuminated conditions, respectively.

The single-exponential model captures the full time evolution with residuals close to the
noise level, indicating that one dominant relaxation time is sufficient. Figures [2(i)—(vi)
compare experimental and modelled resistances on a point-by-point basis, confirming one-
to-one correspondence across all morphologies and illumination states. Figure compiles
the corresponding R? values (> 0.90 in all cases), highlighting the robustness of the single-
time-constant description. Illumination increases the apparent steady resistance, consistent
with additional absorbed power and a shifted heat partition at the nanoparticle-liquid in-
terface. The ordering is geometry-driven: nanostars exhibit the largest Ry, nanorods show
the smallest dark-light contrast, and nanospheres lie in between. The excellent agreement

between experiment and model allows us to fix the device fluid resistance term and isolate

Page 8 of 26
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Figure 2: Thermal relaxation dynamics and model validation. (a,b) Experimen-
tal (dots) and modelled (lines) thermal resistance traces Ry, (t) for Au nanospheres (blue),
nanostars (green), and nanorods (magenta) under (a) dark and (b) illuminated conditions.
(c) One-to-one comparison of experimental and modelled resistances for all morphologies:
(i-iii) dark and (iv-vi) illuminated fits. (d) Coefficient of determination (R?) values for each
case, demonstrating high fidelity of the single-exponential model (R? > 0.94). Illumination
increases the steady resistance through additional absorbed power, while a single relaxation
time 7 describes all data, validating the model and enabling isolation of the interfacial con-
tribution in subsequent analysis.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6nh00145a

Open Access Article. Published on 16 June 2026. Downloaded on 6/18/2026 1:54:01 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Horizons

Page 10 of 26

View Article Online
DOI: 10.1039/D6NH00145A

the interfacial contribution R;; vo1, enabling direct testing of the geometry-controlled scaling
law developed below. In addition, the use of a single relaxation time is physically justified
by the separation of timescales in the present system. Electron—phonon equilibration and
intraparticle thermalisation in Au occur much faster than the experimentally resolved re-
laxation of the fluidic device. Therefore, over the measured time window, the electron and
lattice temperatures can be treated as effectively equilibrated, reducing the two-temperature
description to a single-temperature heat-transfer model governed by the dominant slower
lattice/fluid relaxation pathway. The high R? values and absence of systematic deviation in
the fitted traces further support the use of a single dominant relaxation time for extracting
Rinvol-

To separate device effects from nanoscale interfacial transport, we first determine the
fluid contribution using the dark response of deionised water (dH2O) (no nanoparticles). A
single-7 fit yields the baseline fluid resistance Rguq (Supplementary Information), which we

convert to a volume-normalised quantity via

Ravid vol = Rauid Vauid (10)

For a measurement volume of Vg = 200 uL and Rguq = 5.5 KWL, this gives Ravid vol =
1.10 x 107 m3 K W~!. The same baseline may also be expressed in terms of an effective
convection coefficient heo,y and wetted area Ay,

‘/ﬂuid

Rﬁuid,vol = n (11)

conv Acell

yielding Neony & 2.3x 103 Wm ™2 K~ for Ay = 7(5 mm)?. Because neither the cell geometry
nor the hydrodynamics change under illumination, this fluid baseline applies identically

to all morphologies under both dark and light conditions. Having established the device
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contribution, we isolate the nanoparticle-liquid interfacial term as

Rint,vol = Rth,vol - Rﬂuid,vola (12)

with Rip vol = CLE and Ry, = o (as also discussed in the preceding text, Figure 2).

The fluid baseline was measured independently from the dH;O control in the same cell
geometry and thermal protocol and was treated as a fixed device/buffer contribution in the
present analysis. This assumption affects the absolute magnitude of the extracted Rin¢ vol,
but because the same baseline is applied to all nanoparticle morphologies, it cannot by itself
generate the observed morphology-dependent ordering. Future measurements should include
repeated buffer-only runs to quantify the reproducibility of Rguidvel and propagate this un-
certainty explicitly into Ringvor. It is important to note that Rguidqvor 15 an independently
measured device/buffer baseline obtained from the dH,O control in the same measurement

cell, rather than a morphology-dependent fitting parameter. Therefore, its subtraction re-

moves a common additive contribution from all nanoparticle measurements. A fixed offset

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

of this type cannot by itself generate the observed morphology-dependent ordering, because

the relative differences between nanospheres, nanorods, and nanostars are already present

Open Access Article. Published on 16 June 2026. Downloaded on 6/18/2026 1:54:01 AM.

in the measured total resistance before subtraction. The subtraction instead isolates the

(cc)

nanoparticle-associated contribution from the common macroscopic fluid pathway of the
device.

Although local illumination may in principle modify near-particle viscosity, buoyancy, or
microscale thermal transport, the measurement volume, cell geometry, temperature bound-
ary condition, and illumination protocol were kept identical for all morphologies, and dark
and illuminated datasets were analysed separately. Thus, any residual fluid contribution as-
sociated with a given measurement condition would act primarily as a common background
rather than a shape-specific term. Under these conditions, the extracted Ry vol represents

the interfacial contribution after removal of the independently measured device/buffer re-

10
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Figure 3: Separation of fluid and interfacial thermal resistance components: (a)
Schematic illustrating the decomposition of the measured thermal resistance into a device-
level fluid pathway and a geometry-dependent nanoparticle-liquid interfacial term under
dark and illuminated conditions. (b) Measured total thermal resistances for nanospheres,
nanostars, and nanorods, with the fixed fluid contribution Rgyq overlaid. (c) Extracted
interfacial resistances R;,; obtained by subtracting the fluid baseline from each measurement,
revealing the morphology-driven ordering (nanostars > nanospheres > nanorods). (d) Ratio
Rint/ Rauia, highlighting that geometry modulates the interfacial contribution whereas the
fluid pathway remains constant across particle types and illumination states.

sistance. For systems involving different solvents, stronger optical heating, forced flow, or
larger temperature gradients, Rguidvor should be re-evaluated under the corresponding ex-

perimental conditions. Figure [3] brings together the consequences of this decomposition.

Figure [3a illustrates the physical picture: the total Ry, measured in our platform contains a

11


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6nh00145a

Page 13 of 26 Nanoscale Horizons

View Article Online
DOI: 10.1039/D6NH00145A

device-level fluid pathway and a morphology-dependent interfacial term. When we overlay
the fixed fluid contribution onto the experimentally measured resistances (Figure [3p), the
geometry dependence becomes immediately apparent. Subtracting this baseline yields the
isolated interfacial resistances (Figure [8c), which follow a clear and intuitive ordering across
morphologies: nanostars exhibit the largest interfacial resistance, nanospheres lie in the in-
termediate regime, and nanorods show the smallest values. The lower interfacial resistance
observed for nanorods provides mechanistic insight into geometry-dependent heat transport
and interfacial coupling in rod-like geometries. Gold nanorods have been shown experimen-
tally and in simulations to exhibit efficient thermal coupling with surrounding liquids, where
heat dissipation along their longitudinal axis enhances thermal transport relative to more
isotropic shapes like spheres |25 26]. Also, high-curvature features such as sharp tips and
branches, typical of nanostars, can impede phonon coupling across the nanoparticle-liquid in-
terface due to irregular structuring which ultimately enhances thermal resistance [27]. These
geometric influences on interfacial heat transfer provide a physical basis for the geometry-

dependent resistance hierarchy reported in Figure 3. This hierarchy persists under both dark

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

and illuminated conditions, indicating that optical drive modifies the absolute resistance but

not the relative role of geometry. Finally, examining the ratio Riy/Rawa (Figure [3d) high-

Open Access Article. Published on 16 June 2026. Downloaded on 6/18/2026 1:54:01 AM.

lights the same trend from a complementary perspective: while the fluid pathway remains

(cc)

constant, the interfacial contribution varies strongly with shape, confirming that geometry
is the dominant control parameter for interfacial heat transport in these plasmonic systems.

This separation enables a direct test of the geometry-controlled law in the next section,
where we plot the normalised interfacial term Ryt voi(Axp/Vip/Rio against the single dimen-
sionless shape factor D/L 4 a hgpike/Ttip, With slope set by the nanoparticle number N,. We
test the central prediction by plotting the normalised interfacial term y = Rint vol(A/V)/Riko
against the dimensionless geometry factor + = D/L + a hgpike/Ttip (Figure . The theory
requires a single master line y = NN, x whose slope is the nanoparticle number N, and whose

intercept is zero. To place uncertainties on both axes we propagate geometry and counting
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errors by Monte Carlo using the measured size statistics (spheres: diameter, so D = L and
x = 1; rods: length L and diameter D, with no spikes so hgpike = 0, 7ip = 0 and x = D/L;
stars: core diameter and spike parameters hgpike, 71ip) together with the independently deter-
mined uncertainty in N, (see Experimental Methods section). We report asymmetric 95%
confidence intervals (Cls) as horizontal (z) and vertical (y) error bars.

The horizontal Cls are notably larger for nanostars, which is expected: the shape factor
contains a denominator through the spike term o hgpixe/7ip, S0 small absolute uncertainty in
Tip (a few nanometres) translates into a large relative uncertainty in Agpixe/71ip. Together with
the physical lower bound on 7y, (set by atomistic/ligand scales), this produces a right-skewed
distribution for x, hence asymmetric Cls. Because the nanostar geometry factor contains
hspixe/Ttip, 1t is particularly sensitive to uncertainty in the spike-tip radius. This uncertainty
was included in the Monte Carlo propagation and leads to the broader, asymmetric confidence
interval for nanostars. Thus, the nanostar point should be interpreted as an uncertainty
envelope rather than a single deterministic geometry value. Within this propagated range,
the nanostar data remain compatible with the same y = N,z scaling trend followed by
spheres and rods. Spheres anchor the abscissa at z ~ 1 (no spikes, D = L), rods occupy
intermediate x < 1 values set by their aspect ratio D/L, and stars extend to much larger
x dominated by the spike contribution. Vertically, the normalised ordinate y is insensitive
to A/V and Rk, by construction; its spread is dominated by the uncertainty in N, which
we visualise as a slope band for the line y = N,z (Figure . It should be noted that the
normalised ordinate uses Rxo = 5 x 1072 m*K /W, which is chosen as a literature-consistent
reference Kapitza resistance for the Au—buffer interface |28, 29, 30, B1]. This value is applied
identically to nanospheres, nanorods, and nanostars and therefore acts only as a common
normalisation factor. Further details on the choice of Rk are provided in the Supplementary
Information.

Despite the geometric uncertainties inherent to anisotropic structures, all three morpholo-

gies spheres, rods, and stars collapse onto a single common trend Figure [4 An orthogonal-
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DL+ a (hspike/rtip)

Figure 4: Geometry scaling of interfacial thermal resistance. Normalised interfacial
resistance Rint vol(Anp/Vip/Rico) plotted against the geometry factor D/L+a (hspike/Ttip) for
nanospheres, nanorods, and nanostars. All morphologies collapse onto a single linear relation
y = Nz (solid line), with slope set by the independently estimated total nanoparticle number
within the probed fluid volume. Dashed guides indicate the allowed geometric envelope for
each class of structure, and shaded regions reflect the uncertainty in spike height and tip
radius for anisotropic particles. The collapse demonstrates that shape, not optical excitation
or absolute size, governs the interfacial Ry, yielding a compact design rule for heat transport
in plasmonic nanostructures.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

distance regression, which accounts for errors in both axes, yields a slope statistically in-

Open Access Article. Published on 16 June 2026. Downloaded on 6/18/2026 1:54:01 AM.

distinguishable from the independently estimated total nanoparticle number N, within the

(cc)

probed fluid volume, and an intercept consistent with zero, as predicted by the scaling law.
[lumination modifies the absorbed optical power but leaves the collapse unchanged, demon-
strating that geometry, not optical drive, governs the interfacial resistance. The spread in
the nanostar data reflects the larger uncertainty in spike height and tip radius, yet the over-
all alignment with the master line confirms that the geometry factor captures the shape
dependence of interfacial heat transport.

While the collapse supports a common geometry-controlled scaling trend across the three
Au nanostructure classes studied here, we do not claim material-independent universality.

The present validation is restricted to Au nanoparticles dispersed in aqueous media, with the
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tested size range, ligand environment, particle concentration, illumination conditions, and
device geometry. Changes in metal identity, surface chemistry, solvent composition, ionic
strength, ligand shell thickness, aggregation state, or local convection may modify either the
baseline Kapitza term or the fluid contribution. Therefore, the proposed relation should be
viewed as a transferable scaling framework whose parameters must be re-established for each

material-fluid—surface-chemistry system.

Conclusions

We have shown that interfacial heat transfer from plasmonic nanostructures follows a sim-
ple, predictive, and repeatable scaling law. When the volume-normalised interfacial term
Yy = Rintvol(Anp/Vap/Riko) is expressed against the dimensionless geometry factor x =
D/L+ o (hspike/Ttip), data from spheres, rods, and stars collapse onto the same linear trend,
the same common slope, and the same geometry-controlled law. This collapse occurs re-
peatedly across diverse shapes and under both dark and illuminated conditions, reinforcing
that geometry, and not the optical drive, determines the interfacial behaviour, with optical
excitation altering absorbed power but not the underlying scaling. The physical interpre-
tation is consistent: sharper curvature increases interfacial resistance, while normalisation
by Axp/Vip and Rgo removes material and size dependence, isolating pure shape. Even
with explicit uncertainty propagation on both axes, the collapse persists; although extreme
morphologies introduce broader spreads, all remain compatible with a shared slope set by
independently measured N,. Importantly, this scaling law enables geometry-first control of
interfacial heat flow, where sharpening features or increasing [V, raises resistance, and blunt-
ing features or reducing N, lowers it. The developed model, normalisation strategy and ge-
ometry factor are general and transferable, providing a compact and unifying framework for
engineering nanoscale heat transport in thermoplasmonics, thermal metrology, and nanoflu-

idic heat management. Future work could apply this framework to catalytic nanoparticles,
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nanoscale heaters in biological media, or phase-change environments where interfacial heat
flow governs performance. Extending the model to other materials, temperature regimes,
or different geometries will further establish whether geometry-controlled thermal resistance

can serve as a general design principle for heat management across nanoscale technologies.

3 Experimental Methods

3.1 Materials

Chemicals used include gold (III) chloride hydrate (HAuCly), sodium citrate tribasic (NazCit),
hydrochloric acid (HCl), nitric acid (HNO3), potassium chloride (KCl), silver nitrate (AgNO3),
ascorbic acid (CgHgOg, L-AA), sodium borohydride (NaBH,), isopropanol, acetone, and
phosphate buffered saline (PBS) were purchased from Merck Life Science, UK. Cetrimo-
nium bromide (CH3(CH,)15N(Br)(CHs)s, CTAB) was purchased from VWR, UK. 18.2 MQ
(dH20) from a Milli-Q Purification System (Sigma Aldrich, USA) was used throughout all

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

experiments. All chemicals were used without further modification unless specified. All

glassware was washed with aqua regia (HCl and HNOsg, in a 3:1 ratio), rinsed with dH,O

Open Access Article. Published on 16 June 2026. Downloaded on 6/18/2026 1:54:01 AM.

and dried before use.

(cc)

3.2 Gold nanosphere synthesis

A modified version of the conventional Turkevich method was used to synthesize nanospheres
[32]. Firstly, a 50 mL of 1 mM HAuCly solution was heated to 90°C under continuous stir-
ring. Once the solution reached 90°C, 2 mL of 38 mM Na3Cit solution was added to the
gold solution. A colour change from yellow to black to dark red was observed, indicating the
formation of nanospheres. The nanoparticle solution was then allowed to cool to room tem-
perature while stirring continuously. To wash the particles, 500 uL aliquots of the solution
were centrifuged at 3600 g for 10 minutes, after which the supernatant was removed and

the nanoparticle pellet was resuspended in dH;O. This washing step was repeated a second
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time to ensure purity. The purified nanospheres were stored away from light at 4°C before

further use.

3.3 Gold nanostar synthesis

Nanostar synthesis was completed using the following protocol [33]. First, 25 pL of 100 mM
HAuCly and 5 pLi of 2 M HCI were added to 10 mL of dH;O under continuous stirring.
Simultaneously, 75 L of nanospheres, 100 pL of 3 mM AgNOs, and 50 puL of 100 mM L-
AA were added to the solution while stirring. A colour change from colourless to blue was
observed, indicating the formation of nanostars. To stabilise the formed nanoparticles, 100
ul of 1 mM NagCit was added. The solution was then centrifuged in 500 L aliquots at
4180 g for 35 minutes, after which the supernatant was removed and the nanoparticle pellet
was resuspended in dH5O. This washing step was repeated a second time to ensure purity.

The purified nanostars were stored away from light at 4°C before further use.

3.4 Gold nanorod synthesis

For single crystal nanorods synthesis, the following protocol was used under a constant
temperature of 30°C [34]. CTAB seeds were synthesised by adding 25 uL of 50 mM HAuCl,
solution to 4.7 mL of 0.1 M CTAB solution. The solution was stirred for 5 minutes before
rapidly injecting 300 pL. of 10 mM NaBH, under vigorous stirring at 400 rpm. After 20
seconds, the stirring of the CTAB seed solution was reduced to 80 rpm and maintained at
this speed before use. To prepare the nanorods growth solution, 190 pL of 1 M HCI and
100 pL of 50 mM HAuCly solution were added to 10 mL of 0.1 M CTAB, and the mixture
was stirred at 400 rpm for 5 minutes. Under gentle stirring at 80 rpm, 120 uL of 10 mM
AgNQOj solution was added to the growth solution, followed by 100 pL of 100 mM L-AA.
Next, 24 pli of the prepared CTAB seeds were added to the nanorod growth solution and
stirred at 400 rpm for 20 seconds. The nanorod growth solution was then left undisturbed

at 30°C for 3 hours to allow the nanorods to grow. The solution was centrifuged in 500 L
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aliquots at 8000 rpm for 10 minutes at 30°C, after which the supernatant was removed and
the nanoparticle pellet was resuspended in dH,O. This washing step was repeated a second
time to ensure purity. The final single crystal nanorod product was stored at 30°C away

from light.

3.5 Scanning electron microscope

Gold nanoparticle samples were characterised using a SU5000 SEM, from Hitachi, Japan
paired with EM Wizard software for image acquisition. All images were acquired at an
accelerating voltage of 10 kV, with a working distance of 3 mm and a spot intensity of
10. Prior to SEM imaging, liquid nanoparticle samples were prepared by drop-casting onto
silicon wafers and were allowed to dry before analysis. From SEM images, ImageJ software
was used to measure the size of each nanoparticle to measure the size and visually assess the

particle geometry and dispersity.

3.6 Absorbance measurements

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

To understand the effect of temperature on nanoparticle absorbance, 200 pL aliquots of

Open Access Article. Published on 16 June 2026. Downloaded on 6/18/2026 1:54:01 AM.

each sample were transferred to a clear 12-well microplate and their absorbance at 562 nm

(cc)

was measured over a temperature range of 30-40°C using a Tecan Spark spectrophotometer

(Tecan Group Ltd., Méannedorf, Switzerland).

3.7 Thermal resistance measurements

Ry, measurements were conducted using a heat-transfer device from Sensip Dx, The Nether-
lands. An Al sensor chip was carefully positioned on a Cu block, which functioned as a stable
heat source due to its high thermal mass and excellent thermal conductivity. Heat flow was
generated via a 22 k() power resistor, which was mechanically fixed to the underside of the

Cu block using heat-conductive silver (Ag) paste to ensure optimal thermal contact. During
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the entire measurement process, the Cu block temperature was maintained at 37°C using
an integrated temperature controller. Temperature measurements were obtained using two
miniature thermocouples, each with a resistance of 10 k{2 for enhanced sensitivity and min-
imal response time. Thermocouple T} was embedded inside the Cu block directly beneath
the Al sensor to monitor the heat source temperature, while T, was positioned within the
liquid sample contained in the flow cell to measure the temperature of the sample medium.
Experiments were performed under both illuminated and dark conditions. For each run, the
sample was injected into the flow cell and allowed to equilibrate for 10 minutes to ensure
thermal stability and eliminate transient effects. As a control, dH,O was used as a refer-
ence in all experiments, allowing for normalisation and accurate comparison of Ry, changes

induced by the samples.

Monte Carlo uncertainty analysis in scaling procedure

To quantify how geometric and measurement uncertainties propagate into the dimensionless
scaling relation, we performed a Monte Carlo analysis using Matlab R2025b, in which all
experimentally determined parameters were randomly sampled according to their measured
means and standard deviations. A total of 5x 10* realisations were generated for each particle
morphology (spheres, rods, and stars). For each parameter p, a truncated normal variate
p = max(e, p,+p,&) with & ~ N (0, 1) was used to prevent non-physical negative dimensions.
The sampled quantities included the total number of particles NV, in the probed volume
and all relevant geometric descriptors (particle diameters and lengths, spike heights, and tip
radii), while fixed constants such as Ry and « were treated as deterministic unless otherwise
specified. For every realisation, we computed the morphology factor g = % + a (%),
which equals unity for spheres and captures nanoscale interfacial enhancement for rods and
stars. Using the experimentally established scaling law Rint voi(Axp/Vap/Riko = Npg, the

dimensionless ordinate was evaluated as y = N,g, while the morphology factor served as

the abscissa © = ¢g. From the resulting distributions, we extracted mean values, symmetric
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standard deviations for x, and asymmetric 95% confidence intervals for y. To visualise the
uncertainty in the predicted master curve, we computed the 95% confidence interval of N,
and plotted the corresponding slope band y = N,z. The collapsed data points for spheres,
rods, and stars, together with their propagated uncertainties, were then compared against
this theoretical band, demonstrating that all morphologies follow the same linear scaling

behavior.
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