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Shell coating is known to suppress luminescence quenching in spherical
upconversion nanoparticles. However, the emergence of anisotropic nano-
particles with facet-selective, directional growth complicates the coating

process, and the use of traditional active, inert, or polymer coatings on such
structures remains largely unexplored. Here, we synthesize a series of nanor-
ods with designed geometries, enabling quantitative spectral analysis at the
single-particle level. We observe that directional growth of inert or active shells
at the rod tips enhances emission relative to the parent core, with their relative
effectiveness governed by power density and shell thickness. Ligand presence
—polymer or oleate—quenches upconversion relative to bare nanorods.
Although local heating is observed at the single-particle level, it does not affect
spectroscopic observations, ligand stability, or data reproducibility. Our
findings reveal how directionally grown shells influence the optical properties
of upconversion nanorods, providing essential insights for their future appli-

cations in bioimaging, sensing, and photonics.

Coating strategies have been extensively developed to address surface
issues of nanoparticles, such as luminescence quenching', poor aqu-
eous stability?, and undesirable interactions with biological systems>.
Upconversion nanoparticles (UCNPs), a type of inorganic nano-
particles doped with lanthanide ions, exhibit unique optical properties
by converting low-energy infrared light into higher-energy visible light.
This distinctive feature makes UCNPs particularly valuable for appli-
cations such as bioimaging®, sensing®, and photodynamic therapy®.
However, UCNPs are highly susceptible to surface quenching, where
the presence of quenching agents or surface defects significantly
reduces their luminescence efficiency. To overcome these challenges,
various coating strategies have been explored’.

A commonly recognized and effective inert shell coating strategy
involves the epitaxial growth of a layer of host crystal, such as NaYF, or
CaF,, around the core UCNPs®’. This method creates a highly efficient
barrier against quenching by preventing interactions between lantha-
nide ions and surface quenchers, which often originate from the
vibrations of ligands'. A shell thickness of =4 nm is generally con-
sidered sufficient to strongly reduce surface-ligand quenching. Active

shell coatings, on the other hand, utilize functional materials that not
only protect the UCNPs but also enhance their luminescence through
energy transfer mechanisms'> . Techniques such as doping the shell
with specific ions like ytterbium and erbium can facilitate efficient
energy transfer and reduce surface-related quenching, leading to
improved upconversion efficiency”™". To address quenching agents
from the particle suspension environment, such as water molecules,
and to make the nanoparticles aqueously stable and biocompatible,
polymer coatings present an attractive solution'. These coatings
introduce exogenous stability to biological samples, enhancing the
compatibility and functionality of nanoparticles in aqueous
environments'?,

All the above strategies have been widely explored on spherical
UCNPs, where coating a new layer homogeneously on the core struc-
ture is relatively straightforward. However, the effectiveness of these
coating strategies on emerging types of UCNPs, such as directionally
grown nanoparticles like nanorods, remains largely unknown.
Recently, significant progress has been made in the controlled direc-
tional growth of UCNPs, enabling the precise formation of a series of
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elongated nanorods with or without an increase in their diameters, as
desired®***. This success is attributed to the highly anisotropic crys-
tallinity and suitable lattice mismatch of hexagonal UCNPs (e.g.,
NaLnF,, Ln stands for lanthanides including Y, Gd, and others)>?.
These advancements have opened new possibilities for UCNPs in
various fields including sensing”, super-resolution imaging®, intra-
cellular imaging and tracking””, nanothermometry”, and self-
assembly’**, leveraging their structural and optical properties.

In this work, we study the effects of inert shell, active shell, and
polymer coatings in conjunction with the directionally grown struc-
tures of UCNPs. The removal of the native oleic acid layer from the
surface of as-synthesized UCNPs is a common method used to create a
bare surface. This approach appears to be an effective alternative for
forming a hydrophilic surface without introducing surface quenchers.
We leverage single nanoparticle spectroscopy, specifically by mea-
suring the power-dependent upconversion emission spectra of single
UCNPs, to quantitatively analyze the impact of these coatings on their
brightness. Beyond coating types, we also examine whether factors
such as laser-induced self-heating and ambient moisture during mea-
surement influence the observations. Our series of upconversion
nanorods are composed of the widely popular host hexagonal NaYF,,
doped with high concentration of sensitizers and emitters, i.e., 40 mol
% of Yb** and 4 mol% of Er**. These nanorods produce sufficient pho-
ton counts under a confocal microscope, allowing for spectroscopic
measurements with the excitation power density tunable from
approximately 7 x10* to 3 x10’W cm™.

Results

Design and morphology of nanorods

To ensure the consistency and comparability of our single-particle
measurements, all samples analyzed in this study originate from the
same parent core rods (CR), as shown in the TEM image in Supple-
mentary Fig. 1. This section presents the structural characteristics of
the anisotropic core-shell nanoparticles, including active-grown shells
(AR1-3) and inert-grown shells (IR1-3), which serve as the fundamental
platform for all subsequent investigations, including soft coating
modifications. The active shell refers to a shell compositionally iden-
tical to the core (NaYF,: 40Yb**4Er*"), enabling a seamless epitaxial
interface, whereas the inert shell consists of a chemically distinct,
optically inactive material (NaYF,). Figure 1a provides a schematic
illustration of the synthesis strategy, highlighting the oriented epitaxial
growth along the c-axis that yields ARi and IRi with identical size and
morphology. Such oriented epitaxial growth occurs by appropriately
adjusting the injection speed and the source of material during
synthesis to grow shells predominantly at the two ends of the rods (see
details in “Methods”). The accompanying TEM images and size dis-
tribution analysis (Fig. 1b—e) confirm the uniform dimensions of each
sample and the identical growth lengths along the c-axis of the crystal
between each pair in the AR and IR series. Specifically, the ARI-IR1,
AR2-IR2, and AR3-AR3 pairs have shell thicknesses of 5, 8, and 14 nm,
respectively, at the two tip-ends of the nanorods grown on CR, while
the diameters of all samples remain constant at =38 nm.

Directional shell coating for power-dependent core protection
To examine whether directional shell coating can mitigate quenching
in the core rod and to understand how the directional growth of an
active shell versus an inert shell influences protective behavior, we
measured all as-synthesized samples at the single-nanoparticle level by
drop-casting each onto a cover glass. By statistically analyzing the
emission spectra (Supplementary Figs. 2-4) of =20 single nano-
particles per sample, we present the averaged integral intensity evo-
lution trends for the three pairs in Fig. 2a and the enhancement factors
relative to the CR as a function of power density in Fig. 2b. It is evident
that directional coating on the two tip-ends provides substantial
enhancement to the CR, with the enhancement effect varying in a

power-dependent and size-dependent manner. At low power densities
(<3x10°Wcem™), IR1 exhibits greater enhancement than AR1. How-
ever, at higher power densities, this trend reverses, with ARl out-
performing IRL. A similar “crossover” behavior is observed for the
IR2-AR2 pair at a lower threshold of =7 x10*W cm™, while for the
IR3-AR3 pair, it occurs at an even lower power density, beyond the
range of our testing conditions. This is because, regardless of the inert
shell thickness, the enhancement factors tend to saturate across the
entire power range. In contrast, the enhancement effect of the active
coating becomes more pronounced with increasing power density and
greater shell thickness. The key distinction between these two coatings
is that the active coating contains more dopants, which can be excited
once the excitation power is sufficiently high, leading to significantly
greater enhancement. However, at low power densities, these addi-
tional dopants cannot fully contribute to the enhancement. This aligns
with our observations in colloidal measurements, where the power
density is low (1Wcm™), and the lifetimes of the AR series are con-
sistently shorter than those of the corresponding IR series (Supple-
mentary Fig. 5).

Since AR3 shows the largest difference in enhancement factor
compared with its inert counterpart, we further investigated the dis-
tribution of enhancement factors for each major emission peak
(Fig. 2¢), including 504 nm (*Gyy/2 > *l13/2), 541 nm (*Sz/5 = *lis/2), 557 nm
(*Hoy2 = *l13/2), and 654 nm (*Fg/ > *l;s2). Our analysis reveals that the
coating-induced enhancement is more pronounced for the 541 and
557 nm emissions compared to the 504 and 654 nm emissions. This is
because the original quenching in the CR sample is supposed to be
more pronounced for the 541 and 557 nm emissions due to their high
chance of cross-relaxation processes between Er** and Yb* ions, as
illustrated in Supplementary Fig. 6. Note that the enhancement of the
504 nm emission as a function of power density exhibits a much
steeper slope compared to other peaks. This difference stems from
variations in the order of nonlinearity associated with the photon
population processes: the population of the *Gyy/, state involves three-
to four-photon processes, whereas the other excited states primarily
involve two- to three-photon processes®.

The limited effectiveness of the directional inert shell in enhan-
cing emission raises the question of whether a fully encapsulating inert
shell, which passivates all surfaces rather than only the c-axis, could
more effectively suppress surface quenching. We further synthesized
fully inert-coated rods (IR4) and compared their single-particle emis-
sion intensities at 504, 541, 557, and 654 nm with those of CR and IR1-3
(Supplementary Figs. 7 and 8). According to the results, none of the
peaks from IR4 exhibited the strongest intensities; in fact, the 504 nm
peak intensities were even weaker than those of the core rod, contrary
to our expectations. This may be attributed to the excessively thick
shell in IR4, which increase the nanoparticle size and result in non-
negligible Rayleigh scattering and the light absorption of the shell,
leading to energy loss during both excitation and emission processes.
Similar observations have been reported in single nanoparticle ima-
ging and powder-state spectroscopy studies, where too thick shells
lead to decreased upconversion emission intensities®>*,

Polymer coating induces ligand quenching

Our group has long investigated stable surfaces of UCNPs for aqueous
environments with potential bio-targeting capabilities, and we have
developed a reversible addition fragmentation chain transfer (RAFT)
polymer coating strategy>>*°. As illustrated in Fig. 3a, we employed this
RAFT polymer (see chemical structures in Supplementary Fig. 9) to
perform ligand exchange on UCNPs, ensuring the nanoparticles exhi-
bit great mono-dispersity in water, as shown in the TEM in Supple-
mentary Fig. 10. Their hydrodynamic size is uniformly distributed
without aggregation, as revealed by the DLS in Fig. 3b. In Fig. 3c, the
FTIR spectra show the presence of a phosphate group (PO4>") peak
around 1050 cm™ in all the polymer-coated samples. This, along with
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Fig. 1| Design and morphological characterization of nanorods: directionally
coating of active shell and inert shell with the same scale. a Schematic diagram
illustrating the routes of directional growth of active shell or inert shell onto CR
(Core Rod) sample. b-e TEM images and size distributions displaying the mor-
phology after directional coating of active and inert shell. D refers to diameter, and
L refers to length. Scalebar: 100 nm. For (c) and (e) the indicated error represents
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the standard deviation (SD) from 100 independent nanoparticle measurements.
Colors in the Figure differentiate sample groups according to their surface coat-
ings: yellow tones correspond to nanoparticles coated with active shells, and gray
tones correspond to nanoparticles coated with inert shells. Different shades within
each group reflect individual sample batches. Source data are provided as a Source
data file.

the Zeta potential data, as shown in Fig. 3d, confirms the coating of the
polymers. The negative surface charges, originating from the COOH"
groups in the polymer, contribute to the aqueous stability.

As additional surface always exhibits some degree of quenching
effect, we also aimed to understand how strong the quenching could
be with the native oleate OA™ surface compared with a bare surface. To
examine this, we utilized the common method of hydrochloric acid
(HCI) wash to remove the surface OA™ ligands (Fig. 3a; see “Methods”)
and formed the bare nanorods. According to the FTIR analysis (Fig. 3c),
the absence of the carboxyl group (COO") peak around 1560 cm™ in
the bare samples confirms the successful removal of OA™ ligands. TEM
images taken before and after the surface treatment demonstrate the
preservation of epigenetic integrity and mono-dispersity (Supple-
mentary Fig. 10).

Among the comparison of these three sets of AR nanorods
(Fig. 3e, Supplementary Figs. 11 and 12), we found that those with a bare
surface consistently exhibit the highest intensity compared to ligand-
capped counterparts, with the difference becoming more pronounced

at higher power densities. On the contrary, polymer coating induces
more severe quenching than OA capping. It is well known that OA
ligands act as non-radiative depopulation quenchers. A similar result
was observed in a nanowire system, where the single particle upcon-
version of ligand-free nanowires was much higher than that of the as-
synthesized ones”. Based on the chemical structures, the polymer
contains a larger quantity of chemical bonds than OA (such as O-H, C
-H, etc.), which contributes to stronger non-radiative quenching and
weaker upconversion intensity. This phenomenon is similar to what
has been observed in spherical UCNPs?°. However, it is significant to
note the strong surface-to-volume ratio dependency of the quenching
effect from the polymer coating. The integral upconversion intensity
of the smallest rod, ARI, declines most severely, with less than 50%
remaining after ligand exchange by replacing OA with polymer (Sup-
plementary Fig. 11, Supplementary Table 1). However, this decline
alleviates with larger sizes.

These observations are also evident in the IR samples, indicating
that the influence of surface ligands on single-particle emission is not
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Fig. 2 | Single particle spectroscopic characterization of nanorods: comparison
of directional growth of active shell and inert shell. a Single particle upcon-

version emission intensity evolution with increased excitation power density from
7 x10* to 3 x10’W cm™ b Power-dependent enhancement factors of total upcon-
version intensity, comparing directional growth of active or inert shells to the core
sample CR. c Power-dependent upconversion enhancement factors for each peak,

investigating the enhancement origin of AR3@OA sample. Error bars represent the
SD calculated from measurements of 20 individual nanoparticles for each sample.
Colorsin panels (a, b) differentiate the sample groups: yellow shades correspond to
AR samples, gray shades to IR samples, and light yellow to CR. In (c), colors indicate
emission wavelengths: cyan for 504 nm, dark green for 541 nm, light green for
557 nm, and red for 654 nm. Source data are provided as a Source data file.
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exclusive to AR samples (Supplementary Figs. 9, 13-16, Supplementary
Table 2). The consistent trend—higher emission from IRi bare samples,
followed by IRi@OA, with IRi@polymer exhibiting the weakest emis-
sion—suggests that surface quenching cannot be fully inhibited, even
when aninert shell is present. This can be attributed to the fact that the
directional inert shell does not fully encapsulate the nanoparticle,
leaving certain surfaces still susceptible to quenching effects.

Discussions on testing conditions

Thermal quenching has always been a significant factor affecting
upconversion luminescence. Although our testing process did not
involve an external heating stage, there could be self-heating phe-
nomena in the samples during the measurement, especially under
high-power excitation®®. The estimated temperatures at correspond-
ing power densities can be calculated based on the Boltzmann
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Fig. 3 | Surface property and single particle spectroscopic characterization of
nanorods after surface modifications: ligand exchange and removal.

a Schematic diagram illustrating the routes of surface modification processed.

b DLS characterization of polymer-coated samples. ¢ FTIR spectra of AR1 with
different surface conditions. FTIR of AR2, AR3 and IR samples after surface mod-
ification are shown in Supplementary Fig. 9. d DLS Zeta potential characterization
of polymer-coated samples. Error bar represents the SD from 3 independent

Power density (W cm™)

Power density (W cm?)

measurements. e Single particle upconversion emission intensity evolution com-
parison of the samples before and after surface modification. Error bar represents
the SD calculated from measurements of 20 individual nanoparticles for each
sample.In (b), (d), and (e), the light, medium, and dark yellow correspond to AR1-3,
respectively. In panel (c), the light, medium, and dark yellow correspond to

AR1 sample with polymer, bare, and OA surfaces, respectively. Source data are
provided as a Source data file.
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distribution of the Er** energy levels (*Hyy, and *S3/,)*, assuming that
the low power range without self-heating corresponds to room tem-
perature (25 °C). When calculating temperature, the emission band at
557nm is likely to cause erroneous thermal readings, as shown in
Supplementary Fig. 17. This emission corresponds to the transition
from the *Ho/, energy level, which is not relevant to the thermally
coupled energy levels. Therefore, we used Band 1 and Band 2 as the
thermally coupled bands for precise temperature calculations, as
shown in Fig. 4a. According to the natural logarithm of the intensity
ratio In (/gang 1/Isand 2) and the calculated power-dependent tempera-
ture curve of AR3 samples (Supplementary Fig. 18e and Fig. 4b), we
found that as the power density increases to 10’Wcm??, the self-
heating temperature exceeds 100 °C, with the OA-coated surface
exhibiting the highest temperatures, followed by the polymer-coated
surface, and finally the bare samples, which show the lowest tem-
perature increase. Those phenomena were also observed in AR1-2 and
IR1-3 samples, as shown in Supplementary Figs. 18 and 19. As shown in
Fig. 2, the presence of quenching suggests that a portion of the
absorbed energy undergoes energy transfer but is lost as heat rather
than being emitted as luminescence. Moreover, the C-H bonds in
surface ligands can directly absorb 976.5 nm laser light, as the over-
tones of C-H stretching vibrations match the laser wavelength. Con-
sequently, samples with ligand coatings are expected to generate more
local heating than those with bare surfaces. The thermal contact of
samples with the substrate may also affect their steady-state tem-
perature. The thermal conductivity of common ligands (e.g.,
=0.17Wm™ K7 for oleic acid) is much lower than that of glass
(=IWm™ K. This creates a thermal resistance barrier at the
nanoparticle-ligand-glass interface, slowing heat transfer from the
particle to the substrate. Consequently, bare nanoparticles (directly
contacting glass) dissipate heat faster, while ligand-coated particles
exhibit higher localized temperatures due to hindered thermal
pathways*’.

The self-heating may raise concerns about the stability of the
nanoparticles during high-power excitation, particularly for polymer-
coated samples. This, in turn, could affect the reproducibility of data
acquisition. To assess the thermal stability of the ligands coated
nanorods, we performed two measurement cycles on the same
samples, varying the power density in both increasing and decreas-
ing sequences (Fig. 4c, Supplementary Fig. 20). Our results show
negligible variation in particle intensity at the same power level,
proving the sufficient stability of samples and reproducibility of our
experiments. To evaluate potential decomposition of the ligands
caused by local heating, we also tested the TGA curves of AR3@po-
lymer and AR3@OA (Supplementary Fig. 21). The TGA results show
no significant weight loss below 200 °C, with the polymer beginning
to detach from the particle surface around 280°C, whereas OA
exhibits a much higher detachment temperature at 330 °C. The cri-
tical decomposition temperatures of polymer and OA are sig-
nificantly higher than the local heating temperatures, further
supporting our high reproducibility of the single-particle spectro-
scopy under experimental conditions.

The solvent surrounding UCNPs plays a crucial role in quenching
effects observed in ensemble measurements. Specifically, the initial
state of OA-coated samples is dispersed in cyclohexane, while
polymer-coated nanorods are dispersed in water. This difference is
significant in colloidal ensemble spectroscopy (Supplementary
Fig. 22) but diminished in single particle spectroscopy. Since the
single nanoparticle samples were prepared by drop-casting diluted
colloidal samples onto a cover glass, followed by air drying and
sealing, the solvents in the colloidal samples are expected to eva-
porate. However, residual moisture from the ambient air or solvents
may still be present on the dried nanoparticles. To assess the impact
of this residual moisture, we dried the samples under vacuum and
compared their optical properties with those of air-dried samples, as

shown in Fig. 4d and Supplementary Fig. 23. We consistently
observed that the relative intensity among single nanorods with OA
surfaces, polymer coatings, and bare surfaces remains unchanged
regardless of the drying conditions, although the absolute intensity
of nanorods dried under vacuum is slightly higher than those in air
(Fig. 4e, Supplementary Table 3). Furthermore, the hydrophobic OA-
coated surface exhibits relatively smaller intensity enhancement
compared to the hydrophilic surfaces (polymer and bare), which
indicates that the moisture absorbed in hydrophilic surfaces may
primarily originate from the original solvent.

Discussion

We have studied the effects of surface coating on the directionally
grown UCNPs. Based on single-particle analysis of a series of nanorods,
we found that directional growth at the two tip-ends enhances emis-
sion compared to the parent core rod. The superior protective effect
of directionally grown shells, whether active or inert, is both power-
and size-dependent, leading to a “crossover” in their power-dependent
enhancement factor curves at a certain threshold. Surface ligands,
rather than the solvents of colloidal nanoparticles, are proven as the
major quencher in single nanoparticle spectroscopy. Although soft
coatings like polymers are an effective modification strategy for
enhancing the aqueous stability of UCNPs, they significantly quench
upconversion at the single nanoparticle level, even more severely than
the OA surface. The extent of polymer-induced surface quenching
decreases with increasing shell thickness on directionally grown rods,
regardless of whether the shell is active or inert, even though their side
facets remain in direct contact with quenchers. Although significant
self-heating is observed in single nanoparticle spectroscopy, it does
not impact the above-mentioned observations or compromise the
thermal stability of the organic ligand coating. These insights highlight
key considerations for optimizing the performance of directionally
grown upconversion nanorods in various applications.

Methods

Materials

YCl3:6H,0 (99.99%), ErCls-6H,0 (99.99%), YbCls-6H,0 (99.99%), oleic
acid (OA, 90%), and 1-octadecene (ODE, 90%) were purchased from
Sigma-Aldrich. Ammonium fluoride (NH4F, 98%) was purchased from
Sigma-Aldrich. Tetrahydrofuran (THF, 99.9%) and hydrochloric acid
(HCI, 37%) were purchased from Sigma-Aldrich. Sodium hydroxide
(NaOH, 97%), cyclohexane (HPLC), methanol (99.9%), and ethanol
(99.5%) were purchased from ChemSupply. The di-block copolymer
(POEGMEA-b-PMAEP) was synthesized using RAFT polymerization as
reported in ref. 36.

Synthesis of core nanoparticles

The synthesis of NaYF4;:40%Yb, 4%Er core nanoparticles was con-
ducted using a co-precipitation method. In a standard procedure,
1 mmol of LnCl;5-6H,0 (Ln =Y, Yb, Er) with a molar ratio of 56:40:4 was
placed in a 50 mL three-neck round-bottom flask containing 6 mL of
oleic acid (OA) and 15 mL of 1-octadecene (ODE). The mixture was
heated to 170 °C under an inert atmosphere and held at this tem-
perature for 40 min. After this period, the solution was cooled to room
temperature (RT) to form a clear and transparent solution. Subse-
quently, 10.5 mL of a methanol solution containing NaOH (2.5 mmol)
and NH4F (4 mmol) was added to the mixture and stirred for 30 min at
RT. The temperature was then gradually raised to 80 °C and main-
tained for 30 min to evaporate the excess methanol until bubbling
ceased. Next, the mixture was heated to 110 °C and held for 10 min to
remove any residual methanol and water. The temperature was then
increased to 300 °C and maintained for 90 min. After cooling to RT,
the resulting core nanoparticles were collected and re-dispersed in
5mL of cyclohexane following several washings with a cyclohexane/
ethanol mixture.
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Power density (W cm?)

cycles1and 2, respectively; the deep and light blue refers to the cooling cycles 1and
2, respectively. d Power-dependent single particle intensity of soft-coated

AR3 samples without ambient moisture (in vacuum). e Power-dependent
enhancement factors of upconversion intensity, comparing vacuum AR3 samples
to the corresponding air samples. The error bars in (b, d, e) represent the SD
calculated from measurements of 20 individual nanoparticles for each sample.
Source data are provided as a Source data file.

Synthesis of core@shell rod nanoparticles

The synthesis of NaYF;:40%Yb, 4%Er nanorods involved the long-
itudinal growth of a shell precursor onto core nanoparticles using a
hot-injection method. The initial step was the preparation of the shell
precursor. To achieve this, 1.5 mmol of LnCl;-6H20 (Ln =Y, Yb, Er) with
a molar ratio of 56Y:40Yb:4Er (for an active shell) or 100Y (for an inert
shell) was introduced into a 50 mL three-neck round-bottom flask
containing 6 mL of oleic acid (OA) and 15 mL of 1-octadecene (ODE).
This mixture was then heated to 170 °C under an inert gas atmosphere.
After maintaining this temperature for 40 min, the solution was
allowed to cool to RT, resulting in a clear and transparent solution.
Following this, 18.75mL of a methanol solution containing NaOH
(3.75mmol), NH4F (6 mmol), and KOH (3 mmol) was added. The
solution was stirred for 30 min and then heated to 80 °C under inert
gas to remove the methanol, continuing until bubbling ceased. Finally,
the reaction mixture was cooled to RT, yielding the rod shell
precursors.

To achieve the single-dimension growth of nanorods, 0.2 mmol
of core nanoparticles were combined with 1 mmol of NaOH, 3.6 mL of
oleic acid (OA), and 9.2 mL of 1-octadecene (ODE) in a 50 mL flask.
The solution was heated to 170 °C under an inert gas atmosphere for
30 min and then further heated to 310 °C. At this stage, 0.04 mL of

rod shell precursors were injected into the reaction mixture,
which was kept at 310 °C for 1 min to allow ripening. This injection
and ripening process was repeated multiple times to produce
nanorods of varying lengths. Finally, the reaction mixture was cooled
to RT. The resulting nanorod samples were washed several times
with a cyclohexane and ethanol mixture and then dispersed in
cyclohexane.

For full-capsulation shell growth of nanorods, after being heated
to 310 °C, 0.2 mL of rod shell precursors were injected into the reac-
tion mixture, which was kept at 310 °C for 3 min to allow ripening.
Other conditions are identical.

Surface modification for ligand-free nanoparticles

The nanoparticles dispersed in cyclohexane (1 mL, 5mg) were first
precipitated by adding 1 mL ethanol and collected by centrifuging at
20,240 x g for 6 min. After removing the supernatant, 1mL of HCL
(0.2-0.5M) and 1 mL of ethanol were added, and the mixture was
ultrasonicated for 5min. The resultant nanoparticles in dispersion
were centrifuged at 20,240 x g for 40 min to obtain the ligand-free
nanoparticles. The nanoparticles were further purified by washing
three times in 2.0 mL of ethanol-deionized water solution (1:1v/v) and
re-dispersed in 1 mL of deionized water for further use.
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Surface modification (ligand exchange) for polymer-coated
nanoparticles

The nanoparticles (5 mg) were first dispersed in 1 mL of THF, followed
by adding 5mg of di-block polymer dispersed in 1mL of THF. The
mixed solution was shaken at room temperature for 12 h. The obtained
polymer-coated nanoparticles were centrifuged, followed by washing
three times using THF and deionized water (1 mL+0 mL, 0.5 ml+0.5 mL,
0 mL+1 mL, respectively). After the third wash, the supernatant was
removed, and the nanoparticles were re-dispersed in 1 mL deionized
water for further use.

Characterization

The morphology of the as-synthesized nanoparticles was character-
ized via transmission electron microscopy (TEM) imaging (JEOL F200)
with an operating voltage of 200 kV. The samples were prepared by
dropping a dilute suspension of nanocrystals onto copper grids.
Fourier transform infrared (FTIR) spectroscopy spectra were obtained
on Nicolet IS 50/6700 (Thermofisher). The measurement of DLS
(dynamic light scattering) and Zeta potential ({) was carried out by
Zetasizer (Malvern Panalytical). TGA results were measured
from SQ600.

Preparation of sample slides for confocal measurement

Glass coverslips and slides were initially cleaned with ethanol and then
air-dried in a fume hood. The nanoparticles were diluted with cyclo-
hexane to a concentration of 0.5 x 10°mmol mL™. Subsequently, 10 pL
of the diluted sample was deposited onto the surface of a coverslip.
Once the cyclohexane had evaporated in the air, the coverslip was
inverted onto the glass slide and sealed in preparation for single par-
ticle measurement.

Confocal spectra measurement

An upright confocal optical system was constructed for intensity
measurements. A single-mode fiber-coupled polarized 976.5 nm diode
laser served as the excitation source and was focused on the sample
using an oil-immersion objective lens (UPlanAPO, Olympus; x100,
NA =1.4). The emission from the sample was collected by the same
objective lens and then refocused into an optical fiber with a core size
matched to the system’s Airy disk. A single-photon counting avalanche
diode (SPAD) detector was connected to the collection optical fiber to
measure the emission intensity in counts. Luminescence spectra were
acquired using a fiber-coupled spectrometer (Andor) with following
parameters: 1200 grooves mm™ grating, 200 gain; 0.5 s exposure time,
and 10 accumulation time. For colloidal lifetime measurement, the
laser diode was modulated to produce 2000 pis excitation pulse. The
power density of 976.5 nm laser is 1W cm™.

Data availability

The data that support the findings of this study are available from the
corresponding authors upon request. Source data are provided with
this paper.
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