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1. Introduction

The growing demand for remote local 
temperature monitoring in applications 
like micro/nanoelectronics, integrated 
photonics, and biomedicine has stimu-
lated the development of luminescence 
nanothermometry.[1] This more-than-a-
decade-old technology harnesses the rela-
tionship between local temperature and 
optical properties of luminescent nano-
thermometers (LNThs) to achieve thermal 
sensing. Among the proposed LNThs are 
semiconductor nanocrystals, organic dyes, 
and luminescent polymers.[1a,b] However, 
lanthanide-based upconverting nano-
particles (UCNPs), with their ability to 
convert low-energy photons into higher-
energy ones, are particularly attractive 
LNThs because of their biocompatibility, 
photostability, multicolor narrowband 
emissions, and tunable lifetime.[2] For 
example, Er3+,Yb3+-doped UCNPs are pop-
ular LNThs based on two thermally cou-
pled energy levels of Er3+ ion (2H11/2 and 
4S3/2).[3] Small temperature changes cause 

Lanthanide-based upconverting nanoparticles (UCNPs) are trustworthy 
workhorses in luminescent nanothermometry. The use of UCNPs-based 
nanothermometers has enabled the determination of the thermal proper-
ties of cell membranes and monitoring of in vivo thermal therapies in 
real time. However, UCNPs boast low thermal sensitivity and brightness, 
which, along with the difficulty in controlling individual UCNP remotely, 
make them less than ideal nanothermometers at the single-particle level. 
In this work, it is shown how these problems can be elegantly solved using 
a thermoresponsive polymeric coating. Upon decorating the surface of 
NaYF4:Er3+,Yb3+ UCNPs with poly(N-isopropylacrylamide) (PNIPAM), a 
>10-fold enhancement in optical forces is observed, allowing stable trap-
ping and manipulation of a single UCNP in the physiological temperature 
range (20–45 °C). This optical force improvement is accompanied by a 
significant enhancement of the thermal sensitivity— a maximum value of 
8% °C+1 at 32 °C induced by the collapse of PNIPAM. Numerical simula-
tions reveal that the enhancement in thermal sensitivity mainly stems from 
the high-refractive-index polymeric coating that behaves as a nanolens 
of high numerical aperture. The results in this work demonstrate how 
UCNP nanothermometers can be further improved by an adequate surface 
decoration and open a new avenue toward highly sensitive single-particle 
nanothermometry.

Research Article

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202202452.

© 2022 The Authors. Small published by Wiley-VCH GmbH. This is an 
open access article under the terms of the Creative Commons Attribution 
License, which permits use, distribution and reproduction in any 
medium, provided the original work is properly cited.

Small 2022, 18, 2202452

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202202452&domain=pdf&date_stamp=2022-07-30


www.advancedsciencenews.com www.small-journal.com

2202452  (2 of 11) © 2022 The Authors. Small published by Wiley-VCH GmbH

relevant electron population redistribution and, hence, notice-
able changes in the intensity ratio between the corresponding 
emission lines. Although such ratiometric thermal sensing is a 
reliable approach, the associated thermal sensitivities are gen-
erally around 1% °C–1 at room temperature, leading to limited 
thermal resolutions.[1f,4] Additionally, the acquisition of thermal 
images using UCNPs usually requires the incorporation of 
large amounts of UCNPs in the system.[5] Such massive incor-
poration of UCNPs could have adverse effects and interfer-
ence, particularly in biological systems, such as living cells or 
tissues.[6] As scanning probe microscopy matures,[7] scanning 
thermal imaging can be performed by precisely manipulating 
a single UCNP acting as a probe in 3D space. This strategy 
avoids the massive incorporation of UCNPs but requires new 
strategies to improve their thermal sensitivity while allowing 
their remote manipulation.

In the context of sensing with single nanosensors, optical 
trapping (OT) is the prime choice as a versatile and reliable 
noncontact tool for the 3D manipulation of single particles.[8] 
OT of nanoparticles is based on optical forces originating from 
the interaction between the inhomogenous electromagnetic 
field and the induced particle’s polarization.[9] This interaction 
allows achieving thermal imaging by scanning a single particle 
in the three dimensions while recording its emission spec-
trum (if trapping radiation is partially absorbed by ytterbium 
ions within the UCNP). Upconversion-enabled 3D thermal 
sensing has been demonstrated with OT of microparticles.[8e,10] 
Yet, moving from the micro- to the nanoscale the 3D scan-
ning capability of OT becomes limited.[11] Indeed, the optical 
trapping force acting on sub-100 nm UCNPs is typically below 
0.01 pN.[11a] This low optical force is insufficient to overcome 
the drag force generated by the surrounding medium (usually 
water). Furthermore, for UCNPs, the trap potential is compa-
rable to the thermal energy.[12] The result is that a slight incre-
ment of temperature can cause the release of the UCNP from 
the trap. This effect precludes thermal scanning and, hence, 
thermal imaging above room temperature. Thus, the optical 
force should be magnified for reliably scanning a single UCNP 
above room temperature.

Surface decoration of UCNPs is an effective method 
to enhance the optical force of sub-100  nm UCNPs while 
improving their multifunctionality.[13] By precise control of the 
coating layer thickness and chemical nature, coated colloids 
can be prepared with different exposed functional groups and 
featuring better colloidal stability, narrower size dispersion, 
and superior biocompatibility.[14] Furthermore, changes in sur-
face functional groups are accompanied by variations in the 
amount and distribution of charges on the surface of UCNPs 
dispersed in liquid media, which are directly correlated with 
their ζ-potential. Importantly, it has been shown that optical 
forces acting on UCNPs can be tailored as a function of the 
ζ-potential.[9b,13a] However, one avenue that remains unex-
plored in this context is the use of thermoresponsive polymers 
to simultaneously control the surface charge of the UCNP 
and profit from the temperature-dependent properties of the 
coating. Indeed, surface modification with a thermoresponsive 
polymer was shown to be a powerful strategy to elicit temper-
ature-dependent spectral changes in core–shell nanoparticles 
as an ensemble.[15] It is therefore envisaged that similar drastic 

modulation of the spectroscopic properties would arise in 
single UNCPs during optical trapping.

In this work, a thermoresponsive polymer (poly(N-iso-
propylacrylamide, PNIPAM),[16] was coated on the surface 
of a 30 nm NaYF4:Er3+, Yb3+, UCNP to obtain a structure 
(UCNP@PNIPAM). The optical forces acting on a single 
UCNP@PNIPAM have been measured in the 20–45 °C temper-
ature range and compared to those acting on bare UCNP. The 
improvement in optical force caused by the PNIPAM coating 
has been explained in terms of changes in surface charge, effec-
tive refractive index, and size of the UCNP@PNIPAM struc-
tures. The emitted intensity generated by an optically trapped 
UCNP@PNIPAM has been also systematically measured as a 
function of temperature revealing an anomalous behavior that 
leads to superior thermal sensitivity. Numerical simulations 
have been conducted to understand the sharp temperature-
induced increment of the collected signal that occurs in corre-
spondence to the collapse temperature of the PNIPAM coating, 
which acts as a nanolens with a high numerical aperture.

2. Results and Discussion

2.1. Synthesis and Characterization of UCNP@PNIPAM 
Structures

The UCNP@PNIPAM structures were prepared following a 
modified, reported thermal decomposition method,[17] followed 
by surface modification with the thermoresponsive polymer 
(Figure 1a). A detailed description of the whole process can 
be found in Section S1 of the Supporting Information. The 
UCNPs have an average diameter of (30 ± 2) nm and the typical 
hexagonal disk-shape of β-NaYF4:Er3+,Yb3+ (Figure 1b). Around 
each UCNP core, a PNIPAM shell of 100  nm in thickness 
(as obtained from transmission electron microscope (TEM) 
images) was homogenously grown (Figure  1c). The resulting 
UCNP@PNIPAM units have a uniform size of (230 ± 20) nm  
in diameter. Different magnification images of a single 
UCNP@PNIPAM structure are shown in Figure 1d,e.

The hybrid UCNP@PNIPAM structures were dispersed in 
water, where the particles are positively charged (ζ-potential 
+16.9 mV, Figure  1f). The PNIPAM coating swells in water at 
room temperature, inducing the ordering of water molecules 
around the amide group by means of hydrogen bonding[18] 
(Figure 1g). When the temperature is above the volume phase 
transition temperature (VPTT ≈ 32 °C), molecular agitation dis-
rupts the hydrogen bonds and leads to a breakdown of the local 
water structure around the PNIPAM chains (Figure  1g). This 
process known as volume phase transition (VPT) increases 
the hydrophobicity of the polymer network and triggers hydro-
phobic attractions among isopropyl groups, with the conse-
quent “squeezing-out” of water molecules from the polymer 
structure. The result is a transition from a swollen state to a 
collapsed state, yielding a reduction of the hydrodynamic 
diameter as well as an increment of the refractive index of 
the PNIPAM coating.[19] This VPT was studied by measuring 
the hydrodynamic diameter of the nanoparticles as a func-
tion of the temperature using dynamic light scattering (DLS, 
Figure  1h). Note that the hydrodynamic diameter reported in 
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Figure 1.  a) Schematic illustration of the modification of UCNP with PNIPAM. b) TEM image of bare UCNPs. The figure right below shows the cor-
responding histogram of size distribution. c) TEM image of UCNP@PNIPAM structures. The figure right below shows the corresponding histogram 
of size distribution. d,e) TEM images of a single UCNP@PNIPAM with different magnifications. Intensity profile as obtained from (d) indicating the 
location and size of core UCNP and entirety. f) ζ-potential of UCNP@PNIPAM structures dispersion at 20 °C. g) Schematic of the volume phase tran-
sition of UCNP@PNIPAM structures dispersed in water. h) The hydrodynamic diameter of UCNP@PNIPAMs structures dispersion characterized by 
dynamic light scattering (DLS) measurement (three times measurements were performed at each temperature, the gray solid curve is the sigmoidal 
fitting curve) and calculated refractive index curve of PNIPAM shell (blue solid line). The refractive index of PNIPAM in the swollen and collapsed state 
was considered 1.33[21] (matching the one of water) and 1.47[22] (bulk PNIPAM refractive index), respectively. The change of the refractive index with 
temperature was simulated as a sigmoidal function using the parameters extracted from the fit of the volume phase transition.
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Figure  1h was given by Z-average values, which are intensity 
weighted and can be obtained by fitting corresponding corre-
lograms. The respective correlograms and intensity-weighted 
size distribution curves were added in Section S2 of the Sup-
porting Information. DLS experiments reveal a narrow size dis-
tribution being for any temperature below 15%, thus indicating 
the growth of a homogenous PNIPAM coating on the surface 
of UCNPs. Between 20 and 30  °C, PNIPAM is in a swollen 
state, hence the UCNP@PNIPAM structures exhibit a mean 
hydrodynamic diameter close to 370  nm. When the tempera-
ture is close to the VPTT, the polymer chain begins to collapse 
expelling the molecules of water from the matrix. The hydrody-
namic diameter consequently shrinks down to a minimum of 
≈240 nm at 37 °C. Further increment of the temperature does 
not produce any relevant variation of the hydrodynamic diam-
eter. This behavior can be described by a four-parameter sig-
moidal function[20]

( )
1 exp

min
max min

tran

τ

= + −

+ −





D T D
D D

T T
� (1)

where D(T) is the diameter of the UCNP@PNIPAM struc-
tures at temperature T, Dmin and Dmax are the minimum and 
maximum diameters (i.e., in the fully collapsed and swollen 
states), respectively, Ttran is the midpoint transition temperature 
(the inflection point of the curve, which can be identified as 
the VPTT), and τ is the half-width of the transition. The quality 
of the nonlinear regression is excellent (R2  = 0.992), and the 
values of the parameters resulting from the fitting procedure 
are reported in Table 1. The VPT leads not only to a reduction 

of the polymeric volume but also to an increase in its refractive 
index. The refractive index of PNIPAM at a temperature below 
VPTT can be approximated to 1.33,[21] comparable to that of 
water, when the PNIPAM is fully collapsed, its refractive index 
increases up to 1.47.[22] This change in refractive index follows a 
sigmoidal trend (Figure 1h).[23] The temperature-induced incre-
ment in the refractive index enhances the scattering efficiency 
of the UCNP@PNIPAM structures. This, in turn, causes an 
increment of the extinction (i.e., sum of scattering and absorp-
tion) coefficient of the colloidal dispersion of UCNP@PNIPAM 
structures as evidenced by optical transmission experiments 
(see Section S3 of the Supporting Information).

2.2. Optical Trapping of a Single UCNP@PNIPAM Structure

OT experiments were performed using a single beam optical 
trapping setup (in Figure 2a). When a single UCNP@PNIPAM 
structure gets trapped, the 980  nm laser radiation is par-
tially absorbed by Yb3+ ions, which transfer their energy to 
nearby Er3+ ions, ultimately leading to strong red and green 

Small 2022, 18, 2202452

Table 1.  Fitting parameters of Equation (1) to the temperature depend-
ence of hydrodynamic diameter and the temperature dependence of the 
luminescence emitted by a single UCNP@PNIPAM.

Min/nm Max/nm Ttran/°C τ/°C R-square

Hydrodynamic 
diameter

236 ± 3 369 ± 3 32.8 ± 0.2 2.2 ± 0.2 0.992

Luminescence 
intensity

0.92 ± 0.04 1.65 ± 0.02 32.0 ± 0.5 2.3 ± 0.5 0.960

Figure 2.  a) Experimental setup used for single-particle optical trapping experiments. b) Fluorescence image of a single optically trapped UCNP@
PNIPAM at 20 °C. c) Luminescence intensity as a function of time obtained at 20 °C. Each step corresponds to a trapping event of a single UCNP@
PNIPAM structure. d) Schematic drawings of the drag method used to measure the optical force.
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emissions[24] (see Section S4 of the Supporting Information). 
The upconversion luminescence is collected by the same objec-
tive used for excitation and visualized by a charge-coupled 
device (CCD) camera. A condenser (10X, 0.25NA) is used to 
converge the white light from a light-emitting diode to get an 
optical image of the optical trap and surroundings in order to 
discard the presence of nanoparticle clusters. Figure 2b shows a 
fluorescence image of a single UCNP@PNIPAM structure opti-
cally trapped at room temperature. The incorporation of indi-
vidual UCNP@PNIPAM structures into the trap was evidenced 
by discrete steps in the detected intensity (Figure  2c). The 
height of the intensity steps corresponds to the intensity of the 
emitted radiation generated by an individual UCNP@PNIPAM 
structure. The total luminescence intensity at the optical trap 
position allows determining the number of nanoparticles being 
optically trapped. It is worth noting that the optical trapping 
was performed 5 µm above the bottom wall of the chamber. The 
local heating in the trap has been calculated to be below 3.63 °C 
(see the Supporting Information, Section S5).

The optical force that determines the trapping stability at dif-
ferent temperatures is calibrated by the drag method.[8b] As one 
can observe in Figure 2d, the motorized stage where the micro-
chamber was placed allowed us to induce a relative velocity 
between the optically trapped UCNP and the surrounding 
medium. By recording the maximum velocity (vmax) at which 
the sample stage can move to maintain the particle in the trap 
(see Section S6 of the Supporting Information), the maximum 
optical force ( OT

max
0κ=F w , being w0 the spot radius, i.e., the 

optical trap radius) is comparable to a drag force exerted on the 
trapped particle (Fdrag = 6πηRvmax, where R is the hydrodynamic 
radius of the trapped object and η is the dynamic viscosity of 
the medium (water in this case)). The power dependence of 
the maximum optical force at 20 °C was obtained for both bare 
UCNP and UCNP@PNIPAM structures (Figure 3a). In both 
cases, OT

maxF  increases linearly with the laser power, being the 
optical force acting on the trapped UCNP enhanced by about 
16 times thanks to the surface coating with PNIPAM. Such a 
staggering enhancement in the optical force ensures stable 

optical trapping of a single UCNP@PNIPAM structure in high-
viscosity media (such as cytoplasm of living cells) and above 
room temperature.[11a] Indeed, we have observed stable optical 
trapping of a single UCNP@PNIPAM structure for increasing 
temperatures up to 45 °C by using moderate/low laser powers 
(85  mW, Figure  3b). As the temperature rises, the trapping 
force acting on a single UCNP@PNIPAM structure decreases 
but remains larger than the one acting on a bare UCNP at 
room temperature.

Results reported in Figure 3 reveal how the PNIPAM coating 
improves both the strength and thermal stability of an optically 
trapped UCNP. The UCNP@PNIPAM structures show a diam-
eter changing from 240 to 370 nm (Figure 1h). Within this size 
range, two formalisms may be applicable to describe optical 
forces: the Lorenz–Mie formalism (applied to particles whose 
size is comparable to the trapping wavelength) and the Ray-
leigh formalism (applied to particles with sizes much smaller 
than the trapping laser wavelength). The question here arising 
is which of these two formalisms better explains the results 
of Figure  3. Lorenz–Mie formalism states that optical forces 
scale with the size and the refractive index of the trapped par-
ticle.[25] Calculations included in Section S7 of the Supporting 
Information show that, in this Lorenz–Mie regime, the optical 
force should increase with temperature because the refractive 
index increment caused by the collapse of PNIPAM dominates 
over the size reduction. On the other hand, Rayleigh formalism 
states that optical forces should scale with the electronic polar-
izability of the trapped nanoparticle. Recent works demonstrate 
that the electronic polarizability of dielectric nanoparticles is 
mainly determined by their ζ-potential and size.[9b] The col-
lapse of the polymer does not affect the ζ-potential of UCNP@
PNIPAM structures (Section S2 of the Supporting Informa-
tion). Thus, in a scenario of constant ζ-potential, the electronic 
polarizability is expected to reduce with temperature due to the 
VPT of the PNIPAM that leads to a significant reduction of the 
UCNP@PNIPAM radius. Therefore, we conclude that Rayleigh 
formalism can explain the reduction of optical force with tem-
perature experimentally observed (Figure 3b).

Small 2022, 18, 2202452

Figure 3.  a) Comparison of optical forces acting on a single UCNP and a single UCNP@PNIPAM structure at 20 °C. b) Trapping constant of a single 
optically trapped UCNP@PNIPAM structure as a function of temperature, the laser power is 85 mW. At each temperature, at least four particles were 
measured, error comes from the standard deviation of multiple measurements.
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2.3. Thermal Sensitivity of an Individual UCNP@PNIPAM 
Structure

After demonstrating that stable optical trapping of a single 
UCNP@PNIPAM structure over 40  °C is possible, its poten-
tial as a thermal nanosensor was assessed. The luminescence 
intensity generated by an optically trapped UCNP@PNIPAM 
structure as a function of temperature is shown in Figure 4a 
(see details in the Experimental Section). The error is estimated 
from the temporal fluctuations of luminescence intensity gener-
ated by a single trapped UCNP@PNIPAM structure at 20 °C[26] 
(Figure 4b). At low temperatures (20–25 °C), the luminescence 
intensity from a single UCNP@PNIPAM structure remains 
constant, then gradually increases with the increase of the tem-
perature until 40  °C. Above 40  °C, the luminescence intensity 
tends to stabilize. The temperature evolution of the lumines-
cence intensity can be fitted using the same four-parameter 
sigmoidal function that describes the PNIPAM collapse. The 
similar values found for the inflection point and half-width 
evidence the connection between the observed intensity incre-
ment and the collapse of the PNIPAM coating (Table  1). This 
causal link is further supported by the absence of any temper-
ature-induced intensity increment in bare UCNPs (see blue 
dots in Figure 4a). Furthermore, experimental data included in 

Section S8 of the Supporting Information evidence that the inten-
sity enhancement cannot be correlated with the incorporation of  
additional UCNP@PNIPAM structures into the trap. The phys-
ical mechanisms linking the PNIPAM collapse and the lumi-
nescence intensity enhancement are discussed in detail in the 
following section.

The relative thermal sensitivity (Sr(T)) provided by the opti-
cally trapped UCNP@PNIPAM structure is defined as[26]

( )
1

( )

( )
r

UC

UC=S T
I T

dI T

dT
� (2)

where IUC(T) is the luminescence intensity at temperature T. 
Figure 4c reveals that the relative thermal sensitivity of an opti-
cally trapped UCNP@PNIPAM structure reaches 8%  °C–1 at 
32 °C. This is significantly larger than the reported ratiometric 
relative thermal sensitivities of UCNPs that are typically around 
1%  °C1 (see the comparison in Section S9 of the Supporting 
Information).[18–21] The temperature at which Sr(T) peaks 
well agree with the VPTT determined from the temperature 
dependence of hydrodynamic diameter reinforcing the con-
nection between the temperature evolution of the luminescent 
properties of the UCNP@PNIPAM structure and the PNIPAM 
coating. Furthermore, in absence of the thermoresponsive 

Small 2022, 18, 2202452

Figure 4.  a) Temperature variation of luminescence intensity generated by a single UCNP or UCNP@PNIPAM structure under the excitation and trap-
ping of 980 nm laser, laser power is 85 mW. The error was estimated by the readout intensity fluctuation of a single UCNP@PNIPAM at 20 °C in (b), 
where the intensity was normalized and the standard deviation was found to be σ = ΔI = 0.021. c) Corresponding relative thermal sensitivities obtained 
from the sigmoidal fitting curve. d) Temperature uncertainty for temperature-dependent luminescence intensity of a single UCNP@PNIPAM structure.
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coating, the bare UCNP shows a negligible thermal sensitivity. 
The high thermal sensitivity achieved for temperatures close to 
VPTT leads to temperature uncertainties as low as 0.2 at 32 °C 
(Figure 4d), which has been calculated by[26]

1

r

δ = ∆
T

S

I

I
� (3)

In addition to the large thermal sensitivity and low tempera-
ture uncertainty, an extra advantage is that thermal sensing 
can be achieved directly from the analysis of emitted intensity 
without requiring any spectral analysis and, thus, simplifying 
the required experimental setup. As an evident drawback, the 
UCNP@PNIPAM structure shows an appreciable thermal 
sensitivity only in the surroundings of the VPTT so that they 
can be used only in those cases where the event to be moni-
tored occurs in the temperature range corresponding to the 
polymer transition. However, tuning the operating temperature 
range can be easily achieved by tweaking the composition of 
the PNIPAM coating, theoretically leading to highly sensitive 
nanothermometers operating over a wide temperature range 
(10–55 °C).[27]

2.4. Identification of the Mechanism behind the Large  
Thermal Sensitivity

Lastly, we investigated the cause of the PNIPAM-coating-
induced increment in the luminescence intensity of a single 
UCNP@PNIPAM structure. Such increment should follow 
from an enhancement of the intrinsic emitted intensity by the 
UCNP or from an improvement in the excitation and/or emis-
sion collection efficiency. At a first glance, the most plausible 
explanation would be that the collapse of the PNIPAM coating 
expels the water molecules that are in contact with the UCNP 
surface. This, in turn, reduces the probability of nonradiative 

decay events related to coupling with OH vibrations, which 
ultimately would lead to an increase in the radiative prob-
ability.[28] Thus, the removal of water molecules would cause an 
increment in the intensity emitted by the UCNP. If this was 
the case, a consequent lengthening of the fluorescence lifetime 
would be observed at increasing temperatures. A study of the 
fluorescence decay of Er3+ emission as a function of tempera-
ture in UCNP@PNIPAM structures seems to rule out this 
hypothesis (Section S10 of the Supporting Information) since 
the fluorescence lifetime decreases monotonically with temper-
ature.[29] The same trend was obtained for UCNP@PNIPAM 
structures in deuterated water and also when coating the 
UCNPs with a nonthermoresponsive polymer (see Section S10  
of the Supporting Information). Therefore, it seems that the 
behavior of the de-excitation processes with temperature is 
not related to the collapse of the PNIPAM. Yet, because the 
fluorescence quantum yield of Er3+ energy levels in UCNPs is 
generally characterized by low photoluminescence quantum 
yields,[30] the shape of the decay curves is expected to be domi-
nated by nonradiative processes. Therefore, any change in the 
radiative decay that might occur could be difficult to appreciate 
from an inspection/analysis of the photoluminescence decay 
curves. This being said, we also moved to explore other sources 
of this unexpected increment in the intensity collected from the 
UCNP@PNIPAM structure: namely, possible improvements in 
the excitation and emission collection efficiency.

As discussed above, the PNIPAM shell collapse above the 
VPTT is accompanied by a refractive index increment. This 
change in refractive index transforms the PNIPAM coating into 
a high numerical aperture nanolens. The appearance of this 
PNIPAM nanolens simultaneously induces an extra focusing 
of laser (excitation) radiation and improves the collection effi-
ciency of the luminescence.[11a,31] These two effects are sche-
matically represented in Figure 5a. If we denote the excitation 
intensity amplification factor due to focusing by /I exc

int
exc
extβ = I I  

(where exc
intI  and exc

extI  are the 980 nm excitation intensity outside 

Small 2022, 18, 2202452

Figure 5.  Nanolens effect simulations of PNIPAM coating. a) Schematic diagram: the polymer coating shrinks and its refractive index increases as 
temperature increases, resulting in the PNIPAM coating acting as a high numerical aperture nanolens with high focusing and collection efficiency 
at high temperatures. b,c) Two representative simulations of excitation intensity upon UCNP at 20 and 40 °C, corresponding to the focusing effect.  
d,e) Two representative simulations of emission intensity of UCNP at 20 and 40 °C, corresponding to the collecting effect. In both effects, the simu-
lated intensity at 20 °C was set to 1 for ease of comparison at the center of the nanoparticle in (b) and at the boundary of the simulation box in (d). 
f) The calculated luminescence intensity of a single trapped UCNP@PNIPAM as a function of temperature considering lens effects generated by the 
PNIPAM coating (focusing and collecting effects).
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and inside the UCNP core, respectively) and the collection effi-
ciency by βC (defined as the fraction of intensity generated by 
the UCNP core reaching the detector), then we can write the 
collected upconversion intensity, UC

cI , as

·( · )UC
c

C I exc
extβ β=I I n � (4)

where n is the order of the upconversion processes (number of 
infrared excitation photons required for the emission of a vis-
ible emitted photon). At the excitation intensity achieved within 
the optical trap (1500 kW cm−2), we have experimentally verified 
that, due to saturation of intermediate states,[32] we are within the  
linear regime so that n = 1 (see Section S11 in the Supporting 
Information). In these conditions, and considering that the 
laser excitation intensity was fixed during experiments (i.e., exc

extI  
is constant and temperature-independent), we can state that 
the temperature-induced increase of the collected upconversion 
luminescence is given by the temperature dependence of both 
βI and βC in such a way that

( ) ( )· ( )·UC
c

C I exc
extβ β=I T T T I � (5)

Numerical simulations have been performed to obtain the 
temperature-induced variation of both βI and βC.

We have first considered a single UCNP@PNIPAM struc-
ture within a collimated 980  nm laser beam and numerical 
calculations were performed to determine the intensity of 
980 nm radiation within the UCNP core.[33] Due to the small 
size of the UCNP core compared to the overall UCNP@
PNIPAM structure, the system is here described as a solid 
sphere filled with the PNIPAM polymer. Numerical simu-
lations, based on the Mie scattering equation for a coated 
sphere, have shown how the creation of a high numerical 
aperture PNIPAM nanolens refocuses the trapping laser and 
causes an increment of the excitation laser intensity within 
the UCNP core. Figure  5b shows the calculated 980 laser 
intensity within an UCNP@PNIPAM structure at 20  °C. At 
this temperature, the refractive index of the PNIPAM coating 
(indicated by the blue dots in Figure 1h) is very close to that of 
water and, therefore, it does not contribute to any laser refo-
cusing. At 40  °C, after the PNIPAM volume contraction and 
refractive index increment, the calculations anticipate a rele-
vant increment (12%, see Section S12 in the Supporting Infor-
mation) in the 980  nm laser excitation intensity within the 
UCNP (Figure 5c). The magnitude of this increment depends 
on the temperature since it is a function of the temperature-
induced variation of the refractive index, following a four-
parameter sigmoidal function (as discussed in Section S12 
of the Supporting Information). Notably, artificial focusing of 
excitation radiation at the microscale has already been proven 
an efficient way of improving the luminescence intensity gen-
erated by UCNPs.[11a,31]

The creation of a PNIPAM nanolens also impacts the 
luminescence collection efficiency by inducing an additional 
refocusing of the emitted radiation. To estimate the magni-
tude of the enhancement in the intensity of collected lumi-
nescence, we performed numerical simulations in which the 
UCNP@PNIPAM structure is considered as a radiative dipole 
(centered at the UCNP core and polarized in the Z-direction) 

surrounded by a shell of variable thickness and refractive index 
depending on temperature. Figure  5d,e shows the 2D spatial 
variation of the emitted (radiated) intensity as obtained below 
and above the VPTT. The color map represents the value of the 
intensity in a space region defined as a circular corona around 
the dipole. The striped circle represents the PNIPAM and the 
arrows represent the direction of the emission from the dipole. 
Figure  5d corresponds to T  = 20  °C while Figure  5e is for 
T = 40 °C. For ease of comparison, the intensity for T = 20 °C 
at the boundaries of the simulation box (0.8  µm from the 
center) has been set to unity (blue in the color bar). Note how 
for T  = 40  °C (Figure  5e), the intensity at the same distance 
from the center increases by a factor of 1.17 (dark orange in the 
color bar). From these results, it is evident how the collapse of 
the PNIPAM shell leads to a marked (17%) enhancement in the 
UCNP radiated intensity. More details about these calculations 
can be found in Section S12 of the Supporting Information 
where, again, it is shown that this enhancement follows a four-
parameter sigmoidal function with temperature. These simula-
tions were performed using finite element methods.

Thus, numerical calculations reveal that both βC(T) and 
βI(T) increase with the temperature due to the collapse of the 
PNIMPAM shell. Figure 5f shows the temperature variation of 
the product βC(T) · βI(T). Numerical calculations, therefore, 
predict a temperature-induced increment of the collected lumi-
nescence intensity close to 30%. This numerical prediction is 
smaller but of the same order of magnitude as the intensity 
enhancement experimentally obtained (close to 65% as shown 
in Figure  4a). Discrepancies between numerical simulations 
and experimental data could be explained by considering 
changes in the position of the UCNP@PNIPAM structure 
within the trap (leading to different excitation intensities) or 
to an underestimation of the temperature-induced increment 
in the local refractive index of PNIPAM coating. As mentioned 
above, the temperature-induced enhancement in the collected 
visible luminescence could also be partially caused by an 
increment in the radiative probability of erbium ions due to 
the increment in the local refractive index.[34] Due to the low 
quantum yield of Erbium emission, this change in radiative 
lifetime would not be detected by lifetime measurements but 
could be contributing to the experimentally observed incre-
ment in the intensity of visible luminescence. Despite this 
discrepancy, the comparable trend of numerical simulations 
and experimental data reveals that the observed increment in 
the emitted intensity of an optically trapped UCNP@PNIPAM 
structure is mostly caused by the changes induced in the 
PNIPAM coating. Of course, the magnitude of the emission 
enhancement would depend on the thickness of the PNIPAM 
coating, and it could vary between nanoparticles although vari-
ation is expected to be small thanks to the narrow size disper-
sion observed in DLS measurements as discussed above (see 
Figure 1h).

3. Conclusions

We provided a blueprint for the preparation of highly sensi-
tive luminescent nanothermometers based on the combina-
tion of UCNPs and a thermoresponsive polymer PNIPAM. 

Small 2022, 18, 2202452
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Specifically, PNIPAM acts simultaneously at several levels, 
making the UCNP@PNIPAM structure a far superior thermal 
nanosensor at the single-particle level compared to an uncoated 
UCNP. First, the presence of the polymeric coating leads to a 
>10-fold increment in the optical force, enabling stable trap-
ping above room temperature (up to 45  °C) and, foreseeably, 
in viscous media. Second, the collapse of the PNIPAM coating 
induces an anomalous temperature dependence of the lumi-
nescence intensity generated by the optically trapped UCNP@
PNIPAM structure, ultimately translating to maximum sen-
sitivities around the transition temperature of the thermore-
sponsive polymer well above the ones classically reported for 
Yb3+, Er3+-doped UCNPs (8% vs ≈1% °C–1). Numerical simula-
tions revealed that this temperature-induced enhancement in 
the emitted intensity can be explained regarding the PNIPAM 
coating as a high numerical aperture nanolens. Such nanolens 
increases the excitation intensity within the UCNP while also 
improving the fluorescence collection efficiency.

This work reveals how a rational surface functionalization 
can expand the potential application of upconverting nanopar-
ticles. Note that these results were demonstrated as a proof-of-
concept for a single PNIPAM coating. However, the transition 
temperature of this thermoresponsive polymer can be modi-
fied ad hoc upon tailoring its composition and polymerization 
degree, thus preparing nanothermometer with a customizable 
working range. In particular, the nanoparticles here developed 
can be used in high-sensitivity and high-spatial-resolution 3D 
thermal imaging by using a single optically controlled UCNP. 
This opens the possibility of, e.g., achieving thermal images 
of living cells by particle scanning within the cytoplasm or 
exploring thermal gradients in the sub-micrometric scale cre-
ated within microfluidic devices.

4. Experimental Section
Single-Particle Trapping: Using a high-numerical-aperture (Olympus, 

LCPLN 100x IR, 0.85 NA) microscope objective, a 980  nm laser beam 
generated by a single-mode fiber-coupled diode was focused into the 
microchamber containing the dilute aqueous dispersion of UCNP@
PNIPAM structures. The spot radius w0 of the laser was calculated to 
be 700 nm. A 120 µm high microchamber, which was formed by pasting 
a Secure Seal spacer on a microscope slide, was attached to a heating 
plate (model T95-PE, Linkam Scientific Instruments Ltd.) mounted on a 
motorized sample stage. This set-up afforded a fine temperature control 
over the trap volume with the thermal stability of 0.1  °C and relative 
motion between the trapped particle and the surrounding medium. 
In practice, the UCNP@PNIPAM structures tended to adsorb on the 
surface of the negatively charged glass slide. In order to avoid adhesion, 
the glass slide surface was preemptively treated with polyethylenimine 
(PEI) to minimize electrostatic interactions (see details in Section S1.4 
of the Supporting Information). By adjusting the concentration of the 
colloidal dispersion of UCNP@PNIPAM and the trapping power, the 
loading rate of UCNP@PNIPAM at the trap position could be controlled. 
In Figure 2c, the concentration of UCNP@PNIPAM structures aqueous 
solution was set to be 109 UCNP@PNIPAM structures mL−1 and 
the on-target trapping power was 85 W. For single-particle trapping 
experiments, the aqueous dispersion of UCNP@PNIPAM structures 
was further diluted to 3 × 106 UCNP@PNIPAM mL−1 corresponding to 
an interparticle average distance of 70  µm. Such a low concentration 
was required to avoid multiple-particle trapping. Before measurement, 
the dispersion was sonicated for 30  min to eliminate possible particle 
aggregates.

Drag Method: The experimental set-up used in this work allowed to 
induce a relative velocity between the optically trapped UCNP and the 
surrounding medium by translating the motorized sample stage. Once 
a relative velocity v was induced, a drag force appeared: Fdrag = 6πηRv, 
where R is the hydrodynamic radius of the trapped object and η is 
the dynamic viscosity of the medium (water in this case). As can be 
observed in Figure 2d, this drag force displaced a trapped particle away 
from its equilibrium position by a distance req. To balance the drag force, 
an optical force with a restoring nature appeared, whose magnitude was 
FOT = κreq, where the trap constant (κ) is, in a first-order approximation, 
proportional to the laser power. When the drag force overcame the 
maximum optical force ( OT

max
0κ=F w , being w0 the spot radius, i.e., 

the optical trap radius), the UCNP@PNIPAM structure escaped from 
the trap. This occurred when the relative velocity reached the maximum 
velocity, vmax, given by: 6OT

max
max 0πη κ= =F Rv w . Thus, experimental 

determination of vmax allowed finding the maximum optical force.
Emission Intensity Measurement: The luminescence intensity generated 

by a single UCNP or UCNP@PNIPAM under the excitation and trapping 
of 980 nm laser at different temperatures was obtained by processing the 
fluorescence images taken by CCD camera (QImaging QIClick Camera, 
Model: QIClick-F-M-12, monochrome, 12-bit). First, put microchamber 
on sample stage, then set temperature of the heating plate at 20  °C. 
Turned on the laser, make sure the laser power was around 85 mW, and 
waited for the particle getting into the trap. Once a single particle was 
trapped at 20  °C, the temperature in the trap volume was increased 
at a 2  °C min−1 rate, simultaneously recording fluorescence images 
of the trapped particle with an exposure time of 3  s. Maintaining the 
temperature of the heating plate at 20 °C, fluctuations of luminescence 
intensity generated by a single trapped UCNP@PNIPAM at 20 °C were 
measured with the same exposure time of 3 s.

Statistical Analysis: The measurements of temperature-dependent 
ζ-potential and hydrodynamic size were performed using the same 
UCNP@PNIPAM dispersion. The presented data in Figure  1h and 
Figure S3b in the Supporting Information were obtained as an average 
of three consecutive measurements and errors represented the standard 
deviation.

The optical force measurement of a single particle was performed 
on at least four particles. The data presented in Figure  3 were an 
average of multiple measurements and the error bar was the standard 
deviation.

For the detection of emission intensity with a CCD camera (see 
Figure  4a), the intensity at different temperatures was obtained by 
processing the fluorescence images. The error was estimated by the 
readout intensity fluctuation of a single UCNP@PNIPAM trapped 
by the same laser with the same power at 20  °C. Indeed, the effect of 
temperature on intensity fluctuations was not considered here.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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