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A B S T R A C T   

Successful T-cell based immunotherapy usually depends on the activation of T cells. Most of commonly used 
methods for assessing T cell activity rely on the antibody-based technology, which focus on detecting protein- 
centered activation markers, including CD25, cytokines and so on. However, these methods always involve 
tedious sample-preparation process, labor-consuming and costly, which could not be utilized in real-time 
detection. The T cell receptor (TCR) clustering is another kind of essential T cell activation marker on the 
membrane, which increases during the activation state of T cells. We herein developed a cholesterol derived 
aggregation-induced emission (AIE) fluorescent probe (R-TPE-PEG-Chol) for detecting T cell activation in real- 
time. Five probes were first designed and synthesized and among them COOH-TPE-PEG-Chol displayed the 
best imaging effects, which had no significant impact on the key physiological functions of T cells. In addition, 
we have proved that COOH-TPE-PEG-Chol was introduced onto the naïve T cell membrane in its molecularly 
dissolved form without fluorescent emission. While during T cell activation, the formation of TCR nanoclusters 
would induce aggregation of membrane cholesterol, which could provoke the fluorescence signal of the COOH- 
TPE-PEG-Chol due to the AIE characteristic. Moreover, the enhancement of the fluorescence intensity was 
positively related to the activation state of T cells. Our study demonstrated the concept of cholesterol-derived AIE 
fluorescent probes for deciphering the spatiotemporal arrangements of TCR on the membrane during T cell 
activation, and consequently provided a novel and complementary strategy for detecting T cell activation in real- 
time.   

1. Introduction 

T cell based anti-tumor immunotherapy has achieved great clinical 
success, especially for the treatment of hematoma [1,2]. The key for a 
successful immunotherapy is the effective activation of T cells in tumor 
microenvironment [3,4]. Therefore, precise detection of T cell activa
tion during immunotherapy is of great importance. On the one hand, the 
activated T cells generally change the expression of specific surface 
proteins, such as CD25, CD69, inducible T cell costimulatory and so on 

[5,6]. Methods focusing on detecting these cell-surface protein markers 
to reflect the activation of T cells have attracted a lot of interest, among 
which, flow cytometry, immunohistochemistry or immunofluorescence 
are the commonly used ones [7]. On the other hand, the activated T cells 
express cytokines, such as interferon-gamma (IFNγ), granzyme beta 
(GzmB), transforming growth factor beta (TGFβ), interleukin (IL)-2, 
IL-4, IL-17 et al., which are potential targets to prove the activation of T 
cells, but they tend to be transient, diffusible, and located in the extra
cellular matrix rather than on the T cells [8,9]. The methods focused on 
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detecting these cytokines include Enzyme-linked immunosorbent assay 
(ELISA), enzyme-linked immunosorbent spot assay (ELISpot), and so on 
[10,11]. However, most of the above-mentioned assays depend on the 
antibody-based technology, which require a tedious sample-preparation 
process, such as tissue dissociation, antibody incubation, multiple 
washing steps or culture medium collection [12,13]. Besides, the data 
fidelity may be limited due to the end-point assays of above methods 
[12], which cannot be used as real-time detected method. Although 
calcium-sensitive probes can detect T cell activation in real-time based 
on the calcium mobilization during activation, this approach is not 
feasible for long-term imaging due to the diffusion of calcium-sensitive 
probes [14]. Thus, simple, non-antibody-involved and real-time detec
tion methods for characterizing the activation of T cells are still 
challenging. 

It has been reported that T cell activation critically relies on the 
spatiotemporal arrangements of T cell receptor (TCR) on the membrane 
[15]. The spatial reorganization of the TCR into nanoclusters is involved 
in regulating T cell activity when T cells are activated [16,17]. The 
higher the degree of T cell activation, the more TCR nanoclusters [18]. 
Previous studies have also suggested that cholesterol is involved in the 
formation of TCR nanoclusters and aggregates with the formation of 
TCR nanoclusters [19]. Therefore, we hypothesized that the spatio
temporal arrangement of cholesterol on the membrane could be used to 
visualize TCR nanoclusters and evaluate the degree of T cell activation. 

Recent years, many fluorescent probes have been designed to visu
alize TCR nanoclusters, however a high background luminescent noise 
signal are observed due to the fluorescence emission outside of the TCR 
nanoclusters [20,21]. Moreover, most of these fluorophores suffered 
from aggregation-caused quenching (ACQ) phenomenon, such as fluo
rescein, rhodamine, indocyanine green, and cyanine, which are either 
weakly emissive or non-emissive at high concentration or in the aggre
gation state [22,23]. It has reported that tetraphenylethene (TPE) 
structure possesses the aggregation-induced emission (AIE) character, of 
which fluorescence signal depends on its molecular concentration [24, 
25]. In other words, the TPE-derived agent is non-emissive in its 
molecularly dissolved form, but becomes emissive when in its 

aggregated form. To the best of our knowledge, there is no report of 
using fluorescent probes with AIE characteristic to visualize TCR 
nanoclusters and T cell activation so far. 

Herein, we designed a series of novel cholesterol derived AIE probes 
(R-TPE-PEG-Chol). These probes consisted of a cholesterol anchor (Chol, 
the reddish-brown parts in Fig. 1A), the poly (ethylene glycol) chain 
(PEG, the yellow parts in Fig. 1A), and different polar hydrophilic R 
groups decorated TPE (R-TPE, the grey parts in Fig. 1A). The cholesterol 
anchor could mimic the membrane cholesterol, which could insert into 
the lipid bilayers of naïve T cell membrane via hydrophobic interactions 
and aggregate with the formation of TCR nanoclusters during T cell 
activation [26,27]. The PEG as the hydrophilic linker was introduced to 
improve the hydrophilicity of these probes, which led to the exposure of 
the R-TPE moiety to the extracellular space [11]. Additionally, the R 
groups with different polarity were introduced into the side chain of TPE 
to finely tune the polarity of these probes [28]. These probes could 
assess the activation state of T cells by visualizing TCR nanoclusters, 
which was achieved through monitoring the change of local probe 
concentration. In specific, R-TPE-PEG-Chol anchored to the naïve T cell 
membrane in its molecularly dissolved form, which was non-emissive 
since the probe displayed a decentralized state on the T cell mem
brane. Once T cells were activated, the TCR clustered, which led to the 
aggregation and fluorescence emission of R-TPE-PEG-Chol. The higher 
the activation degree of T cells, the higher the fluorescence intensity of 
these novel cholesterol derived AIE probes was found (Fig. 1B). There
fore, these novel cholesterol derived AIE probes could be used for 
visualizing the formation of TCR nanoclusters and detecting T cell 
activation in real-time. 

2. Results and discussion 

2.1. Chemistry 

The synthetic route of the novel cholesterol derived AIE probes (R- 
TPE-PEG-Chol) were displayed in Scheme 1. Briefly, cholesterol hemi
succinate (cholesterol anchor, Chol) was first coupled with Boc-PEG- 

Fig. 1. Designed cholesterol derived AIE probes (R- 
TPE-PEG-Chol) for real-time monitoring the activa
tion of T cells. (A) Design of R-TPE-PEG-Chol with 
cholesterol anchor, PEG hydrophilic linker and 
different polar hydrophilic R groups decorated TPE. 
(B) The working mechanism of R-TPE-PEG-Chol for 
monitoring of T cell activation by visualizing TCR 
nanoclusters. There is non-emissive since the probe is 
equally distributed in the naïve T cells membrane. 
Once T cells are activated, the formation of TCR 
nanoclusters will induce the AIE fluorescence since 
the probe aggregation occurs. The higher the activa
tion of T cells, the more TCR nanoclusters, and the 
higher fluoresce intensity of R-TPE-PEG-Chol are 
found.   
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NH2 in the presence of 2-(1H-Benzotriazole-1-yl)-1,1,3,3- tetramethy
luronium tetrafluoroborate (TBTU) and N, N-Diisopropylethylamine 
(DIPEA) to afford compound Boc-PEG-Chol. Butyloxycarbonyl (Boc) 
was further discarded from Boc-PEG-Chol to afford intermediate NH2- 
PEG-Chol. On the other hand, under the presence of TiCl4 and Zn, 4- 
Methylbenzophenone accrued McMurry coupling reaction to afford 
DiMet-TPE containing TPE skeletons. Thorough bromination and hy
drolysis, DiMet-TPE afforded mixture isomers DiCHO-TPE, which was 
further separated by column chromatography to afford the pure isomer 
of E and Z of DiCHO-TPE. Then, E-DiCHO-TPE was oxidized to afford 
intermediate DiCOOH-TPE. The intermediate DiCOOH-TPE reacted 
with intermediate NH2-PEG-Chol to afford compound TPE-PEG-Chol. 
Finally, TPE-PEG-Chol reacted with R–NH2 to afford the targeted 
compounds R-TPE-PEG-Chol containing different R groups. All in
termediates were characterized using 1H NMR (Figs. S1–S6). Among 
them, E and Z isomer of DiCHO-TPE was further characterized using 
NOESY-NMR (Fig. S4). All R-TPE-PEG-Chol were characterized using 1H 
NMR, 13C NMR, high-resolution mass spectrometry (HRMS) and high- 
performance liquid chromatography (HPLC). The purities of the final 
probes were ≥95% according to HPLC and NMR analysis (Figs. S7–S11). 

2.2. Detection of T cell activation by R-TPE-PEG-Chol 

To verify the initial design concept, the photophysical properties of 
R-TPE-PEG-Chol were first investigated. The UV–vis absorption spectra 
of these probes were observed in dimethyl sulfoxide (DMSO) solution 
with two main absorption peaks at 290 nm and 330 nm (Fig. 2A and 
Fig. S12A). Moreover, the photophysical properties including excitation 
(Λex), emission (Λem), fluorescence quantum yields (Ф), Stokes’ shift 
and the molar absorptivity coefficient of R-TPE-PEG-Chol in different 
solvent were presented in Fig. 2B and Fig. S13. These results implied that 

these designed probes possess excellent photophysical properties. Then, 
their AIE characteristics were studied by changing the water content of 
the water/DMSO mixtures. As presented in Fig. 2C–G and Fig. S12B, 
these probes had almost no emission in pure DMSO (a good solvent), and 
the addition of water (a poor solvent) to their DMSO solution induced 
the emergence of an emission peak, and the intensity progressively 
became higher with the increasing water content. Moreover, due to the 
twisted intramolecular charge transfer (TICT) effect, COOH-TPE-PEG- 
Chol (from 381 to 479 nm), DiOH-TPE-PEG-Chol (from 380 to 479 
nm) and Lys-TPE-PEG-Chol (from 380 to 462 nm) showed a slight red- 
shift of emission when fw (%) increased from 0 to 40%, and NH2-TPE- 
PEG-Chol (from 380 to 478 nm), OH-TPE-PEG-Chol (from 380 to 481 
nm) showed red-shift of emission when fw (%) increased from 0 to 30% 
(Fig. 2C–G). These results suggested that these probes possessed typic 
AIE phenomenon, showing almost no emission in good solvent and 
strong fluorescence in poor solvent. Additionally, dynamic light scat
tering (DLS) data and Transmission Electron Microscope (TEM) imaging 
displayed that these probes aggregate into 100–1000 nm particles under 
aqueous environment, while no particle could be found in the MeOH 
(Fig. S14 and Fig. 2H). These results further indicated that these probes 
are dispersed in good solvent and aggregated in poor solvent. Taken 
together, it is fully proved that our designed probes do not emit in a 
dispersed state in good solvent, but emit strong fluorescence due to the 
molecular aggregation in poor solvent. 

Since the cytotoxicity of R-TPE-PEG-Chol to T cells is an important 
parameter to determine whether it is suitable for T cell activation im
aging, we evaluated the cytotoxicity of R-TPE-PEG-Chol before 
employing it for imaging T cell activation. The results showed that OH- 
TPE-PEG-Chol, COOH-TPE-PEG-Chol and DiOH-TPE-PEG-Chol had 
almost no cytotoxicity to T cells even at a concentration of 50 μM. 
However, NH2-TPE-PEG-Chol and Lys-TPE-PEG-Chol displayed 

Scheme 1. The synthetic pathway of cholesterol derived AIE probes (R-TPE-PEG-Chol).  
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significant cytotoxicity to T cells, and the cell viability was below 80% at 
the concentration of 4 μM, which may be attributed to the introduction 
of positively charged amino groups in both structures increasing the 
cytotoxicity to T cells (Fig. S15). Therefore, we choose 0–50 μM as the 
nontoxic concentration range of OH-TPE-PEG-Chol, COOH-TPE-PEG- 
Chol and DiOH-TPE-PEG-Chol, and 0–2.5 μM as the nontoxic concen
tration range of NH2-TPE-PEG-Chol and Lys-TPE-PEG-Chol for further 
studies. 

The anchoring of R-TPE-PEG-Chol to naïve T cells membrane is the 
premise for imaging T cell activation. Thus, we first screened the optimal 
anchoring concentration and time of these probes on naïve T cells by 
flow cytometry analysis under the nontoxic concentration range of R- 
TPE-PEG-Chol. The gating strategy of flow cytometry analysis was pre
sented in Fig. S16. The results revealed that following the increase of 
anchoring concentration or time of R-TPE-PEG-Chol on T cells, the 
fluorescent intensities gradually increased after the T cell are activated. 
The optimal anchoring concentration and time were 10 μM and 20 min 
for OH-TPE-PEG-Chol, 20 μM and 20 min for DiOH-TPE-PEG-Chol, 20 
μM and 30 min for COOH-TPE-PEG-Chol, 2.5 μM and 20 min for NH2- 
TPE-PEG-Chol, and 2.5 μM and 10 min for Lys-TPE-PEG-Chol, respec
tively (Fig. S17 and Fig. S18). Moreover, we compared the mean 

fluorescence intensity (MFI) of T cells anchored with these probes at the 
optimal concentration and time after activated. The results displayed 
that T cells anchored with COOH-TPE-PEG-Chol had the strongest 
fluorescence intensity compared with other four probes (Fig. 3A and B). 
Based on the above results, we found that R-TPE-PEG-Chol bearing the 
higher polar chain and weaker hydrophobicity was easier to anchor to 
the surface of T cells and COOH-TPE-PEG-Chol was the optimal choice 
for evaluating the activation of T cells. 

Next, we evaluated whether COOH-TPE-PEG-Chol affected the key 
cell functions of T cells. The results of trypan blue and CCK8 assays both 
displayed that viability of T cells anchored with COOH-TPE-PEG-Chol 
was higher than 85%, and there was no difference with the viability of 
the un-anchored T cells (Fig. 3C and D). The in vitro proliferative ca
pacity of T cells anchored with COOH-TPE-PEG-Chol was unimpaired, 
and was comparable to that of un-anchored T cells (Fig. 3E). We next 
assessed the impact of COOH-TPE-PEG-Chol on the migration of T cells 
across the endothelial monolayer, which is the key function of T cells to 
infiltrate target tissues. The results displayed that the trans-endothelium 
migration capacity of T cells anchored with COOH-TPE-PEG-Chol did 
not decrease compared with un-anchored T cells (Fig. 3F). There was 
also no difference between the migration of anchored and un-anchored T 

Fig. 2. Photophysical properties of R-TPE-PEG-Chol. (A) Normalized absorption spectra of R-TPE-PEG-Chol in pure DMSO. (B) Excitation, emission, fluorescence 
quantum yields and Stokes’ shift of R-TPE-PEG-Chol in water. (C–G) Photoluminescence (PL) spectra of OH-TPE-PEG-Chol (C), NH2-TPE-PEG-Chol (D), COOH-TPE- 
PEG-Chol (E), DiOH-TPE-PEG-Chol (F), Lys-TPE-PEG-Chol (G) in water/DMSO mixtures with different water fractions (fw). The concentration of R-TPE-PEG-Chol 
was 10 μM, and the excitation wavelength was 330 nm. (H) The TEM images of R-TEP-PEG-Chol in MeOH and water. The concentration of R-TEP-PEG-Chol was 10 
μM. Scale bar: 100 nm. 
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cells in response to chemoattractant (Fig. 3G). The T cell activation 
signaling molecules were analyzed by Western bolt, and the activation 
marker and cytokine secretion of T cells were also analyzed by flow 
cytometry and the gating strategy was displayed in Fig. S19 and 
Fig. S20. The data displayed that the anchored COOH-TPE-PEG-Chol did 
not affect the activation of T cells by testing the expression of CD69 
marker (Fig. 3H). The immunoblot analysis result showed that 
anchoring COOH-TPE-PEG-Chol did not affect the expression of acti
vation signaling molecules, including phosphorylation of CD3ζ (pCD3ζ) 
and phosphorylation of the zeta chain of T cell receptor-associated 
protein kinase 70 (pZAP70), which were not significantly different 
from un-anchored T cells (Fig. S21A). Last but not least, there was no 
obvious difference on the secretion of cytokine such as IFNγ, GzmB and 
transforming growth factor α (TNFα) of anchored T cells, when 
compared to that of un-anchored T cells, indicating that the anchored 
COOH-TPE-PEG-Chol had no effect on expression of cytokine by T cells 
(Fig. 3I and Fig. S21B). Together, COOH-TPE-PEG-Chol had no influence 
on the key cellular functions of T cells, and it was safe to assess the 
activation of T cells. 

2.3. Real-time monitoring the activation of T cells by COOH-TPE-PEG- 
Chol 

Previous studies have reported that the distribution of cholesterol in 
cell membrane was related to the activation of T cells [11,19,29]. Thus, 
we first isolated the naïve CD8+T cells from the spleen of mice and 
evaluated the cholesterol distribution in naïve and activated T cell 
membrane, and stained the cell membrane cholesterol by Filipin III [11]. 
As shown in Fig. 4A, Figs. S22A and B, cholesterol displayed a decen
tralized state on naïve T cells and aggregate state on activated T cells. 
We further imaged TCR clustering and probe aggregation on naïve and 
activated CD8+T cells. The result displayed that the red fluorescence of 
TCR was aggregated after T cell activated, implying that the nanocluster 
of TCR was formed on activated T cells. Additionally, the aggregated red 
fluorescence of TCR nanocluster and the green fluorescence of 
COOH-TPE-PEG-Chol were overlapped very well with a correlation co
efficient of 0.82 on activated T cells membrane, while there was no 
green fluorescence on naïve T cells membrane (Fig. 4B–E, Figs. S22C and 
D). As the activation time of T cells increased, the fluorescence of 
COOH-TPE-PEG-Chol gradually increased (Fig. 4F and G). The 
signal-to-noise ratio of probe was 590 ± 30, and the 
signal-to-background ratio of probe was 660 ± 30, indicating our 
designed probe has a high signal-to-noise ratio. Moreover, the lifetime of 
COOH-TPE-PEG-Chol on the cell surface is longer than 96 h (Fig. S23), 
indicating the cholesterol probe could image the activation of T cells for 
a long time. Together, these results confirmed that COOH-TPE-PEG-Chol 
could specifically aggregate and fluoresce in the TCR nanoclusters of 
activated T cells and assess the activation of T cells in real time. 

We next evaluated the efficacy of designed probe for real-time 
monitoring human T cell activation. The naïve human CD8+T cells 

were isolated from the peripheral blood of healthy donors, and anchored 
with probe and then activated with different concentrations of anti-CD3 
antibody or anti-CD3 antibody plus anti-CD28 antibody, where the 
higher the concentration of anti-CD3 antibody and anti-CD28 antibody, 
the higher the degree of T cell activation [30]. The result of flow 
cytometry assay showed that as the degree of T cell activation increased, 
the fluorescence intensity of COOH-TPE-PEG-Chol increased (Fig. 5A 
and B). These results were further confirmed by confocal imaging in 
which activated human T cells showed the green fluorescence of 
COOH-TPE-PEG-Chol, while naïve T cells had no fluorescence. Besides, 
as the antibody concentration increased, the degree of T cell activation 
increased, and the green fluorescence of COOH-TPE-PEG-Chol on 
human T cell membrane became stronger (Fig. 5C, D and Fig. S24). 
Similar to murine T cells, these results indicated that probe had the 
ability to monitor human T cell activation. 

As we all know, activated T cells was gradually exhaustion in tumor 
immunosuppressive microenvironment, we further obtained ovarian 
cancer tissue from patient, and used this tissue to simulate the immu
nosuppressive environment for further investigating the real-time im
aging ability of COOH-TPE-PEG-Chol [31,32]. The naïve human CD8+T 
cells anchored with COOH-TPE-PEG-Chol were activated with anti-CD3 
and anti-CD28 antibody. Then the activated CD8+T cells were injected 
into the cancer tissue and incubated for different times. As shown in 
Fig. 5E and Fig. S25, with the extension of incubation time, the CD8+T 
cells gradually exhausted in the cancer tissue, and the expression of 
pZAP70, iconic marker for the activation T cells [33], gradually 
decreased and was almost invisible in CD8+T cells after 8 h. Meanwhile, 
the green fluorescence of COOH-TPE-PEG-Chol, co-localized with 
pZAP70 in CD8+T cells, also decreased over time. These data implied 
that the most of activated CD8+T cells in ovarian cancer tissue inactivate 
as time went on, and COOH-TPE-PEG-Chol could real-time image T cells 
with different activation levels. In addition, the fluorescence of 
COOH-TPE-PEG-Chol in CD8+T cells could be observed for more than 
24 h compared to pZAP70 which was almost unobservable after 8 h. This 
meant that COOH-TPE-PEG-Chol could more accurately real-time image 
CD8+T cells with heterogeneous activation levels compared to 
commercially available antibodies. Together, our designed probe has 
potential market value and clinical application prospects for real-time 
monitoring the in vivo fate of T cells. 

3. Conclusion 

T cells are an important component of the adaptive immune response 
and have direct cytotoxic and immune-modulating functions [34]. 
Currently, the T cells immunotherapy has achieved remarkable success 
in hematologic tumors [1,2]. The key for a successful immunotherapy in 
solid tumor is the effective activation of T cells in tumor microenvi
ronment [35]. Thus, it is of great significant to accurately detect the 
activation of T cells in real time. However, these real time detection 
methods are lacking. It is well known that the activation of T cells 

Fig. 3. Detection of activated T cells by R-TPE-PEG-Chol. (A) Flow cytometry analyze MFI of activated T cells under the optimal anchoring time and concentration. 
(B) Quantitative analysis in A). [OH-TPE-PEG-Chol vs. Lys-TPE-PEG-Chol (95% confidence interval (CI), − 3560 to − 593.1), OH-TPE-PEG-Chol vs. COOH-TPE-PEG- 
Chol (95% CI, − 7075 to − 4107), DiOH-TPE-PEG-Chol vs. COOH-TPE-PEG-Chol (95% CI, − 5906 to − 2939), NH2-TPE-PEG-Chol vs. COOH-TPE-PEG-Chol (95% CI, 
2652 to 5620), Lys-TPE-PEG-Chol vs. COOH-TPE-PEG-Chol (95% CI, 2031 to 4998)]. (C) Viability of T cells anchored with COOH-TPE-PEG-Chol for up to 7 days after 
stimulated with anti-CD3 and anti-CD28 antibody were evaluated by trypan blue assay. (D) Viability of T cells anchored with COOH-TPE-PEG-Chol for up to 7 days 
after stimulated with anti-CD3 and anti-CD28 antibody were measured by CCK8 assay. (E) In vitro expansion of T cells anchored with COOH-TPE-PEG-Chol after 
stimulated with anti-CD3 and anti-CD28 antibody, the naïve and activated T cells were used as controls. [Day 2 T cells (Naïve) vs. Day 2 T cells + COOH-TPE-PEG- 
Chol (Active) (95% CI, − 0.5028 to − 0.05717), Day 4 T cells (Naïve) vs. Day 4 T cells + COOH-TPE-PEG-Chol (Active) (95% CI, − 1.943 to − 10.43), Day 7 T cells 
(Naïve) vs. Day 7 T cells + COOH-TPE-PEG-Chol (Active) (95% CI, − 7.928 to − 6.878)]. (F) The trans-endothelium migration capacity of T cells anchored with COOH- 
TPE-PEG-Chol after stimulated with anti-CD3 and anti-CD28 antibody. (G) The chemotaxis migration behaviors of T cells anchored with COOH-TPE-PEG-Chol after 
stimulated with anti-CD3 and anti-CD28 antibody. (H) Flow cytometry analysis of cell surface CD69 expression, naïve T cells were used as control. (I) Expression of 
inflammatory cytokines measured by flow cytometry. The concentration of OH-TPE-PEG-Chol, DiOH-TPE-PEG-Chol, COOH-TPE-PEG-Chol, NH2-TPE-PEG-Chol and 
Lys-TPE-PEG-Chol used for incubation with naïve CD8+T cells in A) were 10 μM, 20 μM, 20 μM, 2.5 μM and 2.5 μM, respectively. The concentration of COOH-TPE- 
PEG-Chol used for incubation with naïve CD8+T cells in C–I) was 20 μM. Error bars denote SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s denotes no 
significant difference. 
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accompanied with TCR aggregation and the formation of TCR nano
cluster, which also lead to the aggregation of cholesterol on the T cells 
membrane [16,17,19]. 

Based on this, we designed and synthesized five cholesterol derived 
AIE probes (R-TPE-PEG-Chol), which bear cholesterol anchor as a 
membrane cholesterol mimic, PEG as the hydrophilic linker and TPE 
with different polar hydrophilic groups on the side chain. A compre
hensive series of experiments were performed to validate their AIE 

character and assess their effect of imaging the activation state of T cells. 
Among the five probes, COOH-TPE-PEG-Chol possessed the best imaging 
effect on activated T cells and did not influence the key physiological 
functions of T cells. With the extension of activation time, COOH-TPE- 
PEG-Chol could monitor the activation process of T cells in real time. 
Moreover, COOH-TPE-PEG-Chol enabled real-time assessment of T cells 
with heterogeneous activation states while minimizing background 
interference from free dyes and autofluorescence of biological 

Fig. 4. Real-time monitoring the activation of T cells by COOH-TPE-PEG-Chol. (A) Cholesterol distribution on naïve and activated CD8+T cells by Filipin III staining. 
Scale bar: 10 μm. (B) Monitoring the activation of T cell with COOH-TPE-PEG-Chol and Alexa Fluor 647 anti-TCR antibody by CLSM imaging. Scale bar: 2 μm. (C) 
Colocalization of COOH-TPE-PEG-Chol and TCR nanoclusters on activated T cells observed by CLSM imaging. (D) Profile analysis for evaluation of co-localization of 
COOH-TPE-PEG-Chol and TCR in C). (E) 2D intensity histogram output of coloc2 analysis performed with Fiji/ImageJ. The text indicates the classical Pearson 
coefficient of the pixel-intensity correlation. (F) Real-time monitoring the activation of T cell with COOH-TPE-PEG-Chol by flow cytometry analyze. (G) Quantitative 
analysis in F). [0 h vs. 6 h (95% CI, − 1123 to − 2.668), 0 h vs. 12 h (95% CI, − 1905 to − 784.7), 0 h vs. 24 h (95% CI, − 5183 to − 4063)]. The concentration of COOH- 
TPE-PEG-Chol used for incubation with naïve CD8+T cells in B-G) was 20 μM. Error bars denote SEM. *P < 0.05, ***P < 0.001. 
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substrates. 
In conclusion, we developed a novel cholesterol derived AIE probe 

for real-time monitoring the activation of adoptive T cells. This probe is 
simple, safe and has high spatial and temporal resolution that is 
amenable with live cell assessment, longitudinal studies. However, due 
to the short penetration depth of light, the application of detecting 
activation of adoptive T cells in vivo is limited. In the future, probes with 
large light penetration depth for detecting adoptive T cells in vivo can be 
developed. For example, structure with high excitation wavelength and 
AIE character can be used instead of TPE structure. Our study demon
strated the concept of cholesterol-derived AIE fluorescent probes for 
visualizing the spatiotemporal arrangements of TCR on the membrane 
during T cell activation, and consequently opened a novel and com
plementary avenue for detecting T cell activation. We expect this 
concept will be used for real-time detecting the adoptive T cells in vivo, 
and serve for the efficacy evaluation of T cell immunotherapies. 

4. Materials and methods 

4.1. General procedure for the synthesis of R-TPR-PEG-Chol 

4.1.1. Synthesis of compound Boc-PEG-Chol 
Cholesteryl hemisuccinate (Chol, 2 g, 4 mmol) and 2-(1H-Benzo

triazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU, 
1.29 g, 4 mmol) were dissolved in 100 mL of CHCl3 with N, N-Diiso
propylethylamine (DIEA, 860 μL, 5.2 mmol). Then 1-(BOC-amino)-13- 
amino-4,7,10-trioxa-tridecane (Boc-PEG-NH2, 1.22 g, 4 mmol) was 
added to the solution. The mixture was stirred at room temperance for 8 
h, then it was evaporated in vacuo. The crude product was purified by 
column chromatography (CHCl2: MeOH = 20: 1) to give compound Boc- 
PEG-Chol as a white solid (2.95 g, 97% yield). 1H NMR (300 MHz, 

CDCl3) δ: 4.99 (1H, s), 4.61 (1H, s), 3.64–3.46 (10 H, m), 3.35 (2 H, dd, J 
= 12.1, 6.1 Hz), 3.21 (2 H, d, J = 5.9 Hz), 2.79 (2 H, s), 2.62 (2 H, t, J =
6.6 Hz), 2.43–2.31 (2 H, t, J = 6.8 Hz), 2.30 (2 H, d, J = 8.0 Hz), 
2.10–1.74 (8 H, m), 1.68–1.12 (20 H, m), 0.92 (23 H, ddd, J = 21.2, 
17.6, 10.6 Hz), 0.67 (3 H, s). 

4.1.2. Synthesis of intermediate NH2-PEG-Chol 
2 M Hydrogen chloride-1,4-Dioxane solution was added into bottle 

containing compound Boc-PEG-Chol (2.9 g, 3.8 mmol) drop by drop at 
0 ◦C and the mixture was stirred for 5 h. The solution was evaporated in 
vacuo. Water (80 mL) was added to the residue followed by adjustment 
of the pH to neutral. The aqueous solution was extracted with 200 mL 
dichloromethane and the organic layers were dried over Na2SO4, 
filtered, and concentrated to yield the final crude product as a brown 
solid (2.19 g, 86% yield) which was directly used in the next reaction 
without further purification. 

4.1.3. Synthesis of compound DiMet-TPE 
Into a 500 mL two-necked round-bottom flask with a reflux 

condenser was placed zinc dust (Zn, 10 g, 150 mmol). The flask was 
evacuated under vacuum and flushed with dry nitrogen three times. 100 
mL of dry THF was then added. The mixture was cooled to − 30 ◦C and 
TiCl4 (8 mL, 75 mmol) was slowly added. The mixture was slowly 
warmed to room temperature, stirred for 0.5 h, then refluxed for 2 h. 
After stirring for 10 min, a solution of 4,4′-dimethylbenzophenone (10 g, 
48 mmol) in 200 mL dry THF was added. Then, the mixture was refluxed 
overnight. The reaction was quenched with 10% K2CO3 aqueous solu
tion until the solid turned to grey. The mixture was extracted with 
dichloromethane three times and the organic layers were combined and 
washed with brine twice. Solvent was evaporated under reduced pres
sure and the crude product was purified on a silica-gel column (CHCl2: 

Fig. 5. Real-time imaging the activation of human T 
cells by COOH-TPE-PEG-Chol. (A) Flow cytometry 
analysis of fluorescence intensity of COOH-TPE-PEG- 
Chol anchored human CD8+T cells after stimulated 
with different concentration of CD3 and CD28 anti
body. (B) Quantitative analysis in A). [0 μM CD3 vs. 
0.185 μM CD3 (95% CI, − 940.0 to − 19.28), 0 μM 
CD3 vs. 0.375 μM CD3 (95% CI, − 1172 to − 251.6), 0 
μM CD3 vs. 0.75 μM CD3 (95% CI, − 2295 to − 1374), 
0 μM CD3 vs. 1.5 μM CD3 (95% CI, − 3357 to − 2436), 
0 μM CD3 vs. 3 μM CD3 (95% CI, − 4537 to − 3616), 0 
μM CD3 vs. 3 μM CD3+2 μM CD28 (95% CI, − 6883 to 
− 5962)]. (C) Quantitative analyze the fluorescence 
intensity of COOH-TPE-PEG-Chol in activated human 
CD8+T cells for confocal imaging. [0 μM CD3 vs. 
0.185 μM CD3 (95% CI, − 35.93 to − 4.767), 0 μM 
CD3 vs. 0.375 μM CD3 (95% CI, − 49.68 to − 18.52), 
0 μM CD3 vs. 0.75 μM CD3 (95% CI, − 74.43 to 
− 43.27), 0 μM CD3 vs. 1.5 μM CD3 (95% CI, − 90.18 
to − 59.02), 0 μM CD3 vs. 3 μM CD3 (95% CI, − 119.9 
to − 88.77), 0 μM CD3 vs. 3 μM CD3+2 μM CD28 
(95% CI, − 159.7 to − 128.5)]. (D) The confocal im
aging of COOH-TPE-PEG-Chol anchored naïve human 
CD8+T cells were stimulated with different concen
tration of CD3 and CD28 antibody. Scale bar: 10 μm. 
(E) Real-time monitoring human CD8+T cells with 
heterogeneous activation levels in suppressive 
microenvironment by COOH-TPE-PEG-Chol. Scale 
bar: 100 μm. The concentration of COOH-TPE-PEG- 
Chol used for incubation with naïve CD8+T cells 
was 20 μM. Error bars denote SEM. *P < 0.05, **P <
0.01, ****P < 0.0001.   
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MeOH = 20: 1). A yellow solid was obtained in 30% yield. 1H NMR (300 
MHz, CDCl3) δ: 7.12–7.04 (10 H, m), 6.94, 6.91 (8 H, d, J = 7.0 Hz), 
2.28, 2.27 (6 H, d, J = 5.4 Hz). 

4.1.4. Synthesis of compound DiBr-TPE 
In a 100 mL round bottom flask, a solution of compound DiMet-TPE 

(5.76 g, 16 mmol), N-bromosuccinimide (NBS, 2.84 g, 16 mmol), 400 
mg of benzoyl peroxide (BPO) in 250 mL of CCl4 was refluxed for 12 h. 
After the reaction was completed, the mixture was extracted with 
dichloromethane and water. The combined organic layers were dried 
over magnesium sulfate, and removed under reduced pressure. The 
crude product was purified by silica-gel chromatography to give com
pound DiBr-TPE as white solid (6.50 g, 78% yield). 1H NMR (500 MHz, 
CDCl3) δ: 7.14–7.08 (8 H, m), 7.04–6.97 (6 H, m), 6.91, 6.90 (4 H, d, J =
5.0 Hz), 4.43, 4.41 (2 H, d, J = 10.0 Hz), 4.15–4.11 (2 H, q, J = 7.1 Hz). 

4.1.5. Synthesis of compound E-DiCHO-TPE 
Compound DiBr-TPE (6.21 g, 11.98 mmol) and sodium carbonate 

(NaHCO3, 3.12 g, 37.10 mmol) were dissolved in 25 mL dimethyl sulf
oxide (DMSO). The solution was stirred at 120 ◦C for 4 h and then the 
solvent was evaporated in vacuo. The brown solid was extracted with 
dichloromethane and then the organic layers were dried over Na2SO4, 
filtered, and concentrated to obtain the mixture isomers which was 
purified by silica column chromatography (CHCl2: MeOH = 40:1) to 
yield compound E-DiCHO-TPE as yellow solid (2.81 g, 46% yield) and Z- 
DiCHO-TPE as yellow solid. E-DiCHO-TPE: 1H NMR (500 MHz, CDCl3) δ: 
9.91 (2 H, s), 7.63 (4 H, d, J = 8.1 Hz), 7.23–7.11 (10 H, m), 7.00 (4 H, d, 
J = 7.1 Hz). Z-DiCHO-TPE: 1H NMR (500 MHz, CDCl3) δ: 9.92 (2 H, s), 
7.63 (4 H, d, J = 8.1 Hz), 7.22–7.11 (10 H, m), 7.03–6.96 (4 H, m). 
Moreover, the NOESY-NMR results displayed that the cross-peaks at the 
intersection of red dotted lines indicate clear correlations between H7/ 
H11/H12/H16 and H18/H19/H20/H23/H24/H25 in the E-DiCHO- 
TPE, indicating that ring B and ring D are close in space, that is, on the 
same side of the central double bond. At the same time, we cannot find 
clear correlations between H7/H11/H12/H16 and H18/H19/H20/ 
H23/H24/H25 in the Z-DiCHO-TPE because ring B is far from ring D. 

4.1.6. Synthesis of DiCOOH-TPE 
Compound E-DiCHO-TPE (1.91 g, 4.88 mmol) and 6 M tert-butyl 

hydroperoxide (t-BuOOH, 270 μL, 14.6 mmol) were dissolved in 4 mL 
acetonitrile. The solution was reacted at room temperature overnight. 
The reaction was quenched with saturated sodium hydrogen sulfite so
lution, followed by extraction with ethyl acetate and then the organic 
layers were dried over Na2SO4, filtered, and concentrated. The obtained 
crude product was purified by silica column chromatography to yield 
DiCOOH-TPE as yellow solid. 1H NMR (500 MHz, CDCl3) δ: 8.10, 8.08 
(4 H, d, J = 5.4 Hz), 7.84, 7.82 (2 H, d, J = 8.4 Hz), 7.36, 7.35 (2 H, d, J 
= 2.5 Hz), 7.29, 7.28 (1 H, d, J = 2.0 Hz), 7.14–6.99 (9 H, m). 

4.1.7. Synthesis of intermediate TPE-PEG-Chol 
DiCOOH-TPE (860 mg, 2.0 mmol) and TBTU (857 mg, 2.7 mmol) 

were dissolved in 30 mL of CHCl3, and DIEA (440 μL, 2.7 mmol) was 
added. Then the intermediate NH2-PEG-Chol (1.52 g, 2.3 mmol) was 
added to the solution. The mixture was stirred at room temperature for 
8 h, then it was evaporated in vacuo. The crude product was purified by 
column chromatography (CHCl2: MeOH = 50: 1) to afford intermediate 
TPE-PEG-Chol (1.16 g, 54% yield) as a white solid. 1H NMR (500 MHz, 
CDCl3) δ: 7.64–7.52 (3 H, m), 7.50, 7.48 (2 H, dd, J = 15.6, 7.7 Hz), 
7.24–7.20 (6 H, m), 7.15, 7.14 (2 H, d, J = 8.3 Hz), 7.08, 7.07 (5 H, dd, J 
= 6.2, 2.8 Hz), 5.34 (1 H, d, J = 3.9 Hz), 4.59 (1 H, m), 3.69 (6 H, s), 
3.57–3.59 (4 H, t, J = 5.6 Hz), 3.54–3.52 (4 H, t, J = 6.1 Hz), 3.38–3.33 
(2 H, q, J = 6.2 Hz), 2.66–2.64 (2H, t, J = 7.0 Hz), 2.49–2.48 (2 H, t, J =
6.9 Hz), 2.36, 2.34 (2 H, d, J = 7.8 Hz), 2.06–1.93 (2 H, m), 1.92–1.78 (5 
H, m), 1.77–1.65 (2 H, m), 1.62–1.48 (12 H, m), 1.21–1.12 (6 H, m), 
1.06–0.92 (5 H, m), 0.90 (10 H, ddd, J = 10.1, 8.5, 4.5 Hz), 0.67 (3 H, s). 

4.1.8. Synthesis of target compound OH-TPE-PEG-Chol 
TPE-PEG-Chol (76.3 mg, 0.07 mmol) and TBTU (25.5 mg, 0.08 

mmol) were dissolved in 30 mL of CHCl3, and DIEA (14 μL, 0.09 mmol) 
was added. Then the monoethanolamine (6 μL, 0.08 mmol) was added to 
the solution. The mixture was stirred at room temperature for 8 h, then it 
was evaporated in vacuo. The crude product was purified by column 
chromatography (CHCl2: MeOH = 20: 1) to afford target compound OH- 
TPE-PEG-Chol (27.3 mg, 34% yield) as a white solid. HRMS, ESI+, m/z: 
calcd for C72H97N3O9 (M + H)+ 1148.72976, found 1148.73033. 1H 
NMR (500 MHz, CDCl3) δ: 7.58–7.52 (4 H, t, J = 8.6 Hz), 7.12–7.06 (10 
H, m), 7.00, 6.99 (4 H, d, J = 3.6 Hz), 5.37, 5.35 (1 H, d, J = 4.2 Hz), 
4.68–4.48 (1 H, m), 3.72–3.69 (10 H, t, J = 5.4 Hz), 3.65, 3.63 (4 H, d, J 
= 7.4 Hz), 3.58–3.47 (4 H, dt, J = 11.7, 7.2 Hz), 3.33, 3.31 (2 H, dd, J =
12.1, 6.1 Hz), 2.64–2.59 (2 H, t, J = 6.7 Hz), 2.46–2.41 (2 H, t, J = 6.8 
Hz), 2.33–2.30 (2 H, t, J = 8.6 Hz), 1.87–1.84 (3 H, t, J = 14.3 Hz), 1.78 
(9 H, ddd, J = 22.0, 11.6, 5.7 Hz), 1.64–1.50 (7 H, m), 1.09 (6 H, dd, J =
16.8, 7.5 Hz), 0.94, 0.92 (5 H, d, J = 8.7 Hz), 0.89, 0.87 (12 H, dd, J =
14.5, 6.5 Hz), 0.69 (3 H, d, J = 8.5 Hz). 13C NMR (75 MHz, CDCl3) δ: 
172.36, 171.38, 168.02, 166.93, 146.89, 146.83, 146.47, 142.68, 
141.16, 141.05, 141.01, 140.89, 139.59, 132.82, 132.69, 132.29, 
132.24, 132.11, 131.36, 131.22, 131.15, 128.05, 127.94, 127.10, 
126.98, 126.44, 126.37, 122.58, 74.26, 70.43, 70.22, 69.98, 69.77, 
59.82, 56.66, 50.02, 42.28, 39.70, 39.46, 38.68, 38.04, 37.77, 37.11, 
36.93, 36.55, 36.14, 35.71, 33.64, 32.12, 31.83, 31.07, 29.92, 29.60, 
29.38, 29.26, 29.19, 28.96, 28.14, 27.93, 27.70, 24.76, 24.22, 23.78, 
22.71, 22.59, 22.47, 20.98, 19.23, 18.66, 11.79. 

4.1.9. Synthesis of target compound COOH-TPE-PEG-Chol 
TPE-PEG-Chol (89.1 mg, 0.08 mmol) and TBTU (39.3 mg, 0.09 

mmol) were dissolved in 30 mL of CHCl3, and DIEA (51 μL, 0.33 mmol) 
was added. Then the glycine methyl ester hydrochloride (7.2 mg, 0.08 
mmol) was added to the solution. The mixture was stirred at room 
temperature for 8 h, then it was evaporated in vacuo. The crude product 
was purified by column chromatography (CHCl2: MeOH = 20: 1) to 
afford white solid. Then the white solid was dissolved in 2 mL tri
fluoroacetic acid (TFA) and was stirred at room temperature for 3 h. The 
reaction was quenched with saturated sodium hydrogen sulfite solution, 
followed by extraction with ethyl acetate and then the organic layers 
were dried over Na2SO4, filtered, and concentrated. The obtained crude 
product was purified by silica column chromatography to yield the 
target compound COOH-TPE-PEG-Chol (29.4 mg, 32% yield) as white 
solid. HRMS, ESI+, m/z: calcd for C71H93N3O10 (M + H)+ 1148.69337, 
found 1148.69205. 1H NMR (500 MHz, CDCl3) δ: 7.56–7.51 (4 H, m), 
7.09–6.89 (14 H, m), 5.35 (1 H, d, J = 4.5 Hz), 4.64–4.50 (1 H, m), 3.60 
(3 H, s), 3.54–3.29 (14 H, m), 3.18 (1 H, s), 2.59 (2 H, t, J = 7.2 Hz), 2.42 
(2 H, dd, J = 19.9, 12.8 Hz), 2.29 (2 H, dd, J = 15.7, 7.9 Hz), 2.02–1.90 
(3 H, m), 1.85–1.76 (3 H, m), 1.70 (1 H, dd, J = 12.0, 5.9 Hz), 1.53–1.43 
(8 H, m), 1.13–1.08 (5 H, m), 0.90 (22 H, dddd, J = 18.5, 17.2, 14.0, 
10.1 Hz), 0.67 (3 H, d, J = 4.6 Hz). 13C NMR (126 MHz, CDCl3) δ: 
172.52, 172.37, 171.89, 149.19, 149.16, 146.26, 145.46, 142.81, 
142.73, 141.00, 139.65, 138.98, 131.23, 131.16, 129.71, 128.03, 
127.97, 127.82, 126.93, 126.89, 126.51, 124.35, 123.44, 122.61, 
119.02, 118.87, 74.23, 70.45, 70.26, 70.15, 70.04, 69.80, 64.00, 56.70, 
56.19, 49.59, 42.64, 41.64, 39.74, 39.51, 38.07, 37.78, 37.32, 36.98, 
36.59, 36.20, 35.78, 34.96, 34.42, 31.90, 31.49, 30.31, 30.14, 29.96, 
29.67, 29.33, 29.03, 28.21, 27.99, 27.75, 27.20, 24.28, 23.85, 22.79, 
22.66, 22.54, 21.03, 19.29, 18.72, 14.04, 11.85. 

4.1.10. Synthesis of target compound NH2-TPE-PEG-Chol 
TPE-PEG-Chol (103.6 mg, 0.09 mmol) and TBTU (34.4 mg, 0.11 

mmol) were dissolved in 30 mL of CHCl3, and DIEA (19 μL, 0.12 mmol) 
was added. Then the N-boc-ethylenediamine (14.4 mg, 0.09 mmol) was 
added to the solution. The mixture was stirred at room temperature for 
8 h, then it was evaporated in vacuo. The crude product was purified by 
column chromatography (CHCl2: MeOH = 20: 1) to afford white solid. 
Then the white solid was dissolved in 4 mL HCl/1,4-Dioxane and was 
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stirred at room temperature for 3 h. The reaction was quenched with 
saturated sodium hydrogen sulfite solution, followed by extraction with 
ethyl acetate and then the organic layers were dried over Na2SO4, 
filtered, and concentrated. The obtained crude product was purified by 
silica column chromatography to yield the target compound NH2-TPE- 
PEG-Chol (26.1 mg, 29% yield) as white solid. HRMS, ESI+, m/z: calcd 
for C71H96N4O8 (M + H)+ 1133.73009, found 1133.72948. 1H NMR 
(500 MHz, CDCl3) δ: 7.59–7.52 (4 H, m), 7.08–6.95 (14 H, m), 5.35, 5.33 
(1 H, d, J = 4.5 Hz), 4.59 (1 H, dd, J = 11.7, 8.2 Hz), 3.60 (10 H, d, J =
12.2 Hz), 3.56–3.28 (8 H, m), 3.20 (2 H, s), 2.58–2.43 (2 H, m), 2.41 (2 
H, dd, J = 19.9, 12.8 Hz), 2.30 (2 H, ddd, J = 22.8, 15.5, 7.8 Hz), 
2.02–1.98 (4 H, m), 1.87–1.82 (4 H, m), 1.71 (2 H, dd, J = 12.0, 5.9 Hz), 
1.69–1.41 (9 H, m), 1.16–1.05 (4 H, m), 1.00–0.92 (4 H, m), 0.90–0.85 
(12 H, m), 0.67 (2 H, d, J = 4.6 Hz). 13C NMR (126 MHz, CDCl3) δ: 
172.62, 171.66, 171.34, 147.23, 146.56, 146.50, 146.40, 145.46, 
142.90, 142.73, 141.41, 141.37, 141.00, 139.82, 139.62, 138.96, 
131.45, 131.37, 129.90, 128.17, 127.97, 127.21, 126.90, 126.68, 
124.72, 124.44, 124.35, 123.44, 122.81, 119.02, 118.87, 77.58, 77.16, 
76.74, 74.50, 70.58, 70.42, 70.17, 70.04, 69.94, 56.89, 56.37, 50.24, 
42.51, 39.93, 39.69, 38.82, 38.26, 37.92, 37.16, 36.77, 36.37, 35.94, 
32.06, 31.59, 30.63, 30.33, 30.14, 29.66, 29.48, 29.21, 28.16, 27.92, 
24.44, 24.02, 22.82, 22.70, 21.21, 19.45, 18.89, 14.23, 12.02. 

4.1.11. Synthesis of target compound DiOH-TPE-PEG-Chol 
TPE-PEG-Chol (115.9 mg, 0.11 mmol) and TBTU (38.7 mg, 0.12 

mmol) were dissolved in 30 mL of CHCl3, and DIEA (21 μL, 0.14 mmol) 
was added. Then the N-(3-aminopropyl) diethanolamine (17.8 μL, 0.11 
mmol) was added to the solution. The mixture was stirred at room 
temperature for 8 h, then it was evaporated in vacuo. The crude product 
was purified by column chromatography (CHCl2: MeOH = 20: 1) to 
afford target compound DiOH-TPE-PEG-Chol (26.8 mg, 19.7% yield) as 
a white solid. HRMS, ESI+, m/z: calcd for C76H106N4O10 (M + H)+

1235.79817, found 1235.79653. 1H NMR (500 MHz, CDCl3) δ: 7.55, 
7.53 (2 H, d, J = 8.3 Hz), 7.36 (4 H, s), 7.13–6.98 (12 H, m), 5.35 (1 H, 
s), 4.58 (1 H, m), 3.75–3.30 (22 H, m), 2.84 (1 H, d, J = 16.5 Hz), 2.63 
(2 H, s), 2.33–2.29 (6 H, m), 2.03, 2.02 (6 H, d, J = 5.7 Hz), 1.84 (3 H, s), 
1.63 (3 H, dt, J = 18.7, 15.6 Hz), 1.45 (5 H, dd, J = 25.3, 16.1 Hz), 1.16 
(5 H, d, J = 15.6 Hz), 0.88 (23 H, t, J = 32.8 Hz), 0.68 (2 H, s). 13C NMR 
(126 MHz, CDCl3) δ 176.67, 172.54, 168.33, 167.08, 148.40, 148.37, 
146.30, 144.66, 138.16, 130.41, 129.90, 129.10, 128.76, 127.26, 
123.65, 123.55, 123.15, 122.65, 118.32, 118.22, 118.08, 114.57, 74.32, 
71.36, 70.49, 70.44, 70.27, 70.04, 69.80, 66.91, 55.91, 55.39, 50.05, 
42.32, 38.71, 35.40, 34.98, 34.17, 34.06, 33.62, 32.86, 31.10, 30.81, 
30.69, 30.62, 29.66, 29.52, 29.40, 29.35, 28.96, 28.87, 28.79, 28.69, 
28.64, 28.53, 28.44, 28.33, 28.29, 28.22, 28.14, 27.19, 26.40, 23.98, 
23.48, 23.05, 21.99, 21.86, 21.74, 18.50, 17.92, 13.27, 11.06. 

4.1.12. Synthesis of target compound Lys-TPE-PEG-Chol 
TPE-PEG-Chol (139.2 mg, 0.13 mmol) and TBTU (53.3 mg, 0.17 

mmol) were dissolved in 15 mL of CHCl3, and DIEA (27 μL, 0.17 mmol) 
was added. Then the N-Boc-Lys (26.9 mg, 0.15 mmol) was added to the 
solution. The mixture was stirred at room temperature for 8 h, then it 
was evaporated in vacuo. The crude product was purified by column 
chromatography (CHCl2: MeOH = 20: 1) to afford white solid. Then the 
white solid was dissolved in 2 mL HCl/1,4-Dioxane and was stirred at 
room temperature for 5 h. The reaction was quenched with saturated 
sodium hydrogen sulfite solution, followed by extraction with ethyl 
acetate and then the organic layers were dried over Na2SO4, filtered, and 
concentrated. The obtained crude product was purified by silica column 
chromatography to yield the target compound Lys-TPE-PEG-Chol (42.7 
mg, 27% yield) as white solid. HRMS, ESI+, m/z: calcd for C75H102N4O10 
(M + H)+ 1219.76687, found 1219.76941. 1H NMR (300 MHz, MeOD) 
δ: 7.56–7.51 (4 H, t, J = 6.9 Hz), 7.10 (10 H, d, J = 13.0 Hz), 6.96 (4 H, d, 
J = 3.6 Hz), 5.28 (1 H, dd, J = 9.4, 4.7 Hz), 4.56–4.41 (1 H, m), 
3.59–3.38 (17 H, m), 3.20 (2 H, t, J = 6.6 Hz), 2.52 (2 H, t, J = 5.7 Hz), 
2.42, 2.40 (2 H, d, J = 5.9 Hz), 2.26, 2.24 (2 H, d, J = 7.4 Hz), 1.96–1.80 

(6 H, ddd, J = 36.7, 14.2, 9.8 Hz), 1.61–1.43 (7 H, m), 1.37 (7 H, t, J =
4.2 Hz), 1.10 (4 H, dd, J = 18.8, 10.0 Hz), 0.97–0.89 (4 H, m), 0.88–0.81 
(20 H, ddd, J = 18.0, 11.1, 4.9 Hz), 0.65 (3 H, d, J = 7.0 Hz). 13C NMR 
(75 MHz, MeOD) δ: 172.17, 171.89, 169.44, 167.66, 167.48, 152.65, 
146.26, 146.18, 142.17, 142.11, 140.64, 140.54, 138.98, 131.81, 
131.69, 130.53, 130.43, 129.02, 128.75, 128.55, 128.03, 127.24, 
127.10, 126.28, 125.95, 124.17, 123.97, 123.43, 123.26, 122.57, 
122.39, 121.87, 114.79, 114.45, 73.79, 69.65, 69.37, 69.28, 68.65, 
68.22, 67.44, 64.00, 56.15, 55.62, 49.59, 42.64, 41.64, 39.17, 38.82, 
38.52, 38.22, 37.32, 36.97, 36.34, 36.14, 35.89, 35.51, 35.14, 31.27, 
31.17, 30.55, 30.27, 29.21, 28.87, 28.51, 27.46, 27.23, 26.97, 23.50, 
23.10, 22.15, 21.85, 21.62, 21.39, 20.33, 18.22, 17.70, 12.80, 12.39, 
10.82. 

4.2. The photophysical properties of R-TPE-PEG-Chol 

4.2.1. UV–vis absorption spectra 
1 mg R-TPE-PEG-Chol were dissolved by DMSO to get 10 μM R-TPE- 

PEG-Chol solution. Then the max absorption peaks of R-TPE-PEG-Chol 
were detected by UV spectrophotometer and the absorption peak of 
DMSO as control. 

4.2.2. The fluorescence emission spectrum 
1 mg R-TPE-PEG-Chol were dissolved in DMSO to get 300 μM R-TPE- 

PEG-Chol stock solution. Then, 166 μL stock solution was added into 
water/DMSO mixture solution with different proportion to afford 10 μM 
R-TPE-PEG-Chol in different solvents (THF, MeOH, Water and DMSO) 
and in different proportion water/DMSO mixture solution. The fluo
rescence emission spectrum of R-TPE-PEG-Chol were investigated using 
fluorescence spectrophotometer under 330 nm excitation wavelength. 

4.2.3. The molar absorption coefficient 
1 mg R-TPE-PEG-Chol were dissolved in DMSO to get 300 μM R-TPE- 

PEG-Chol stock solution. Then, 166 μL stock solution was added into 
different solvents (THF, MeOH, Water and DMSO) to afford different 
concentration (0.1 μM, 0.25 μM, 0.5 μM, 1 μM, 2.5 μM, 5 μM, 10 μM) of 
R-TPE-PEG-Chol. Then the absorption in 330 nm of R-TPE-PEG-Chol 
were detected by UV spectrophotometer. Taking the absorbance as the 
ordinate and the concentration as the abscissa to obtain a linear 
regression equation, and the slope of the straight line is molar absorption 
coefficient. The molar absorptivity coefficient (ϵ) was calculated by the 
following formula: ϵ = A

lc (ϵ: Molar absorption coefficient, A: Absorbance 
at a specific wavelength, l: Optical path length, c: Per unit volume 
concentration). 

4.2.4. The fluorescence quantum yield and Stokes’ shift 
1 mg R-TPE-PEG-Chol were dissolved in DMSO to get 300 μM R-TPE- 

PEG-Chol stock solution. Then, 166 μL stock solution was added into 
water to get 10 μM R-TPE-PEG-Chol solution and 1 mg quinoline sulfate 
were dissolved by 0.05 M H2SO4 to get 2 μg/mL quinoline sulfate. Then 
the absorption in 330 nm of R-TPE-PEG-Chol and quinoline sulfate were 
detected by UV spectrophotometer. The fluorescence emission intensity 
in 475 nm of R-TPE-PEG-Chol and quinoline sulfate were investigated 
using fluorescence spectrophotometer under 330 nm excitation wave
length. The Fluorescence quantum yields (Ф) were calculated by the 
following formula: Ф = Фs 

Iu
Is 

As
Au 

(Ф: fluorescence quantum yield of the 
analytes, Фs: fluorescence quantum yield of the reference standard, Iu: 
Integrated fluorescence intensity of the analytes, Is: Integrated fluores
cence intensity of the reference standard, Au: Absorption of the analytes, 
As: Absorption of the reference standard. Quantum yield which is 
determined using quinoline sulfate as the standard). Moreover, the 
Stokes’ shift is calculated by the difference between the maximum of the 
lowest excitation band and that of the highest emission band. 
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4.2.5. Aggregate particle size and TEM imaging 
50 μL R-TPE-PEG-Chol stock solution (300 μM in DMSO) was added 

into 4.95 mL water, and the mixture solution was detected using Dy
namic light scattering (DLS). An appropriate amount of our designed 
probes solution was dropped into the copper mesh, then were stained 
with 0.5% phosphorus tungstate. After drying, the aggregate state of 
probes in aqueous solution was imaged by transmission electron mi
croscope (TEM), the solution of probes in MeOH was control. 

4.3. Detection of activated CD8+T cells by R-TPE-PEG-Chol 

4.3.1. Isolation and culturing of CD8+T cells 
The animal protocols used in this study were approved by the Animal 

Ethics Committee of China Pharmaceutical University. Spleens from 
C57BL/6 mice were ground through a 70-μm filter, and red blood cells 
were removed by incubation with ACK lysis buffer for 5 min at 4 ◦C. 
Then, the splenic cells were centrifuged and isolated by the Easysep 
Mouse CD8+T cell isolation kit (Stemcell Technologies; catalog no. 
19853) to obtain naïve mouse CD8+T cells. Naïve human CD8+T cells 
were isolated from human peripheral blood mononuclear cells (PBMC) 
by the Easysep Human CD8+T cell isolation kit (Stemcell Technologies; 
catalog no. 17953). The human PBMC were obtained from the periph
eral blood of healthy donors following an approved the Ethics Com
mittee of Nanjing Jingdu hospital. All the donors had been informed 
before the experiments. 

To activate CD8+T cells, naïve mouse CD8+T cells were resuspended 
in RPMI 1640 medium containing recombinant mouse IL-2 (10 ng/mL), 
penicillin, streptomycin, and 10% fetal calf serum (FBS), then cells were 
cultured in plate pre-coated with anti-CD3 (3 μg/mL) and anti-CD28 (2 
μg/mL), and incubated at 37 ◦C in humidified atmosphere of 5% CO2. 
Naïve human CD8+T cells were resuspended in ImmunoCult™ XF T cell 
expansion medium containing recombinant mouse IL-2 (10 ng/mL), 
then cells were cultured in plate pre-coated with anti-CD3 (3 μg/mL) 
and anti-CD28 (2 μg/mL), and incubated at 37 ◦C in humidified atmo
sphere of 5% CO2. Unstimulated T cells were cultured in absence of the 
activating antibody and IL-2. At the end of the incubation, both naïve 
and activated T cells were suspended in phosphate buffer saline (PBS) 
for in vitro and ex vivo studies. 

4.3.2. Cytotoxicity study 
CCK8 assays were used to evaluate the cytotoxicity of R-TPE-PEG- 

Chol on T cells. T cells were seeded in 96-well plates at a density of 1 ×
105 cells per well. After culturing overnight, the medium in each well 
was replaced with 200 μL of fresh medium containing different con
centrations of R-TPE-PEG-Chol. 24 h later, 20 μL CCK8 solution was 
added into each well. After 4 h of incubation, the absorption of each well 
at 450 nm was recorded via a plate reader (BioTek, Cytation 5). Each 
trial was performed with 3 wells in parallel. 

4.3.3. Screening of optimal incubation time and concentration for imaging 
the activated CD8+T cells 

1 × 106 naïve CD8+T cells were incubated in 1 mL RPIM 1640 me
dium containing different concentrations (0, 2.5, 4, 10, 20, 50 μM) of R- 
TPE-PEG-Chol for 10 min and washed twice with ice cold PBS by 
centrifugation at 1500 rpm for 5 min, and cultured in plate pre-coated 
with anti-CD3 (3 μg/mL) and anti-CD28 (2 μg/mL) for 24 h. Then, T 
cells were collected and washed twice with ice cold PBS by centrifuga
tion at 1500 rpm for 5 min. Finally, T cells were resuspended at 1 × 106/ 
mL in ice cold PBS, and the fluorescence of R-TPE-PEG-Chol was 
investigated using flow cytometry. Additionally, 1 × 106 naïve CD8+T 
cells were incubated in 1 mL RPIM 1640 medium containing 20 μM R- 
TPE-PEG-Chol for different time (0, 5, 10, 20, 30, 45 min) and washed 
twice with ice cold PBS by centrifugation at 1500 rpm for 5 min, and 
cultured in plate pre-coated with anti-CD3 (3 μg/mL) and anti-CD28 (2 
μg/mL) for 24 h. Then, T cells were collected and washed twice with ice 
cold PBS by centrifugation at 1500 rpm for 5 min. Finally, T cells were 

resuspended at 1 × 106/mL in ice cold PBS, and the fluorescence of R- 
TPE-PEG-Chol was investigated using flow cytometry. 

4.3.4. Screening of optimal fluorescent probe for imaging the activated 
CD8+T cells 

1 × 106 naïve CD8+T cells were incubated in 1 mL RPIM 1640 me
dium containing 10 μM OH-TPE-PEG-Chol for 20 min, and 1 mL RPIM 
1640 medium containing 20 μM DiOH-TPE-PEG-Chol for 20 min, and 1 
mL RPIM 1640 medium containing 20 μM COOH-TPE-PEG-Chol for 30 
min, and 1 mL RPIM 1640 medium containing 2.5 μM NH2-TPE-PEG- 
Chol for 20 min, and 1 mL RPIM 1640 medium containing 2.5 μM Lys- 
TPE-PEG-Chol for 10 min, respectively. Anchored naïve T cells were 
washed twice with ice cold PBS by centrifugation at 1500 rpm for 5 min, 
and cultured in plate pre-coated with anti-CD3 (3 μg/mL) and anti-CD28 
(2 μg/mL) for 24 h. Then, T cells were collected and washed twice with 
ice cold PBS by centrifugation at 1500 rpm for 5 min. Finally, T cells 
were resuspended at 1 × 106/mL in ice cold PBS, and the fluorescence of 
R-TPE-PEG-Chol was investigated using flow cytometry. 

4.4. The influence of COOH-TPE-PEG-Chol on the key physiological 
functions of T cells 

4.4.1. The viability analysis 
1 × 106 naïve CD8+T cells were incubated in 1 mL RPIM 1640 me

dium containing 20 μM COOH-TPE-PEG-Chol for 30 min and then 
washed twice with ice cold PBS by centrifugation at 1500 rpm for 5 min. 
1 × 106 naïve CD8+T cells and 1 × 106 naïve COOH-TPE-PEG-Chol 
anchored CD8+T cells were resuspended in RPMI 1640 medium con
taining recombinant mouse IL-2 (10 ng/mL), penicillin, streptomycin, 
and 10% FBS, and cultured in 6-well plate pre-coated with anti-CD3 (3 
μg/mL) and anti-CD28 (2 μg/mL). Fresh medium was replaced on day 4 
of culture. On day 2, 4 and 7, T cells were harvested for Trypan blue 
staining (Trypan Blue Staining Cell Viability Assay Kit, C0011, Beyotime 
Biotechnology), and 20 fields of view were randomly selected in 
Countstar® BioTech Automated Cell Counter to count the number of 
viable cells and dead cells. Survival rate (%) = number of viable cells/ 
total number of cells × 100%. 

CCK8 assay was also used to assess the effect of COOH-TPE-PEG-Chol 
on the cell viability of T cells. 1 × 105 naïve CD8+T cells and 1 × 105 

naïve COOH-TPE-PEG-Chol anchored CD8+T cells were resuspended in 
RPMI 1640 medium containing recombinant mouse IL-2 (10 ng/mL), 
penicillin, streptomycin, and 10% FBS, and cultured in plate pre-coated 
with anti-CD3 (3 μg/mL) and anti-CD28 (2 μg/mL). On day 2, 4 and 7, 
CCK8 solution was added into each well. After incubation, the absorp
tion of each well at 450 nm was recorded via a plate reader (BioTek, 
Cytation 5). Each trial was performed with 3 wells in parallel. 

4.4.2. The proliferation assays 
1 × 106 naïve CD8+T cells were incubated in 1 mL RPIM 1640 me

dium containing 20 μM COOH-TPE-PEG-Chol for 30 min and then 
washed twice with ice cold PBS by centrifugation at 1500 rpm for 5 min. 
1 × 106 naïve CD8+T cells and 1 × 106 naïve COOH-TPE-PEG-Chol 
anchored CD8+T cells were resuspended at RPMI 1640 medium con
taining recombinant mouse IL-2 (10 ng/mL), penicillin, streptomycin, 
and 10% FBS, and cultured in plate pre-coated with anti-CD3 (3 μg/mL) 
and anti-CD28 (2 μg/mL). On day 2, 4 and 7, the cells were collected and 
counted. Fold expansion rate (%) = Number of cells/Number of cells 
(day 0) × 100%. 

4.4.3. The trans vascular migration analysis 
We first established a confluent monolayer endothelial cell model in 

transwell. Human umbilical vein endothelial cells (HUVECs) were 
seeded onto the upper chamber of the 24 mm transwell with 3 μm pore 
and cultured with medium containing 10% FBS. The integrity of the cell 
monolayer was evaluated by measuring the transepithelial electrical 
resistance (TEER) values using a Millicell-ERS voltohmeter (Millipore). 
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Cell monolayers with TEER value higher than 300 Ὼ/cm2 were used for 
the migration studies. 1 × 106 naïve CD8+T cells were incubated in 1 mL 
RPIM 1640 medium containing 20 μM COOH-TPE-PEG-Chol for 30 min 
and then washed twice with ice cold PBS by centrifugation at 1500 rpm 
for 5 min. 1 × 106 naïve CD8+T cells and 1 × 106 naïve COOH-TPE-PEG- 
Chol anchored CD8+T cells were resuspended in RPMI 1640 medium 
containing recombinant mouse IL-2 (10 ng/mL), penicillin, strepto
mycin, and 10% FBS, and cultured in 6-well plate pre-coated with anti- 
CD3 (3 μg/mL) and anti-CD28 (2 μg/mL). T cells were harvested, and 1 
× 106 CD8+T cells or 1 × 106 COOH-TPE-PEG-Chol anchored CD8+T 
cells were added to the upper chamber with TNFα (25 ng/mL) for 4 h, 
and monocyte chemotactic protein 1 (MCP-1, 20 ng/mL) was added into 
the lower chamber. After 12 h of incubation, the number of T cells in the 
lower chamber was counted. 

4.4.4. The chemotaxis analysis 
1 × 106 naïve CD8+T cells were incubated in 1 mL RPIM 1640 me

dium containing 20 μM COOH-TPE-PEG-Chol for 30 min and then 
washed twice with ice cold PBS by centrifugation at 1500 rpm for 5 min. 
1 × 106 naïve CD8+T cells and 1 × 106 naïve COOH-TPE-PEG-Chol 
anchored CD8+T cells were resuspended in RPMI 1640 medium con
taining recombinant mouse IL-2 (10 ng/mL), penicillin, streptomycin, 
and 10% FBS, and cultured in 6-well plate pre-coated with anti-CD3 (3 
μg/mL) and anti-CD28 (2 μg/mL). T cells were harvested, and 1 × 106 

CD8+T cells or 1 × 106 COOH-TPE-PEG-Chol anchored CD8+T cells 
were added into the upper chamber of the transwell, and different 
concentration of MCP-1 (5, 20, and 100 ng/mL) were added into the 
lower chamber for inducing the migration of T cells. After incubation for 
12 h, the cells in the lower chamber were harvested and counted. The 
chemotaxis index ((nCOOH-TPE-PEG-Chol anchored CD8+T cells -ncontrol)/ncontrol) 
was calculated, where nCOOH-TPE-PEG-Chol anchored CD8+T cells was the 
counted numbers of COOH-TPE-PEG-Chol anchored CD8+T cells in the 
lower chamber and ncontrol was the counted numbers of un-anchored 
CD8+T cells in the lower chamber in the absence of MCP-1. 

4.4.5. The activation analysis 
1 × 106 naïve CD8+T cells were incubated in 1 mL RPIM 1640 me

dium containing 20 μM COOH-TPE-PEG-Chol for 30 min and then 
washed twice with ice cold PBS by centrifugation at 1500 rpm for 5 min. 
The naïve CD8+T cells and naïve COOH-TPE-PEG-Chol anchored CD8+T 
cells were cultured in plate pre-coated with anti-CD3 (3 μg/mL) and 
anti-CD28 (2 μg/mL) agonist antibodies. After 24 h of culture, T cells 
were collected and washed twice with ice cold PBS by centrifugation at 
1500 rpm for 5 min. Then, T cells were resuspended at 1 × 107/mL in ice 
cold PBS, and stained with FITC anti-mouse CD69 antibody (1 μg/mL, 
BioLegend) for 20 min at 4 ◦C. Finally, T cells were washed twice with 
ice cold PBS by centrifugation at 1500 rpm for 5 min and resuspended at 
1 × 106/mL in ice cold PBS. The fluorescence of CD69 was detected by 
flow cytometry. 

To assess the influence of COOH-TPE-PEG-Chol on activation 
signaling of CD8+T cells, 1 × 106 naïve CD8+T cells were incubated in 1 
mL RPIM 1640 medium containing 20 μM COOH-TPE-PEG-Chol for 30 
min and then washed twice with ice cold PBS by centrifugation at 1500 
rpm for 5 min. The naïve CD8+T cells and naïve COOH-TPE-PEG-Chol 
anchored CD8+T cells were cultured in plate pre-coated with anti-CD3 
(3 μg/mL) and anti-CD28 (2 μg/mL) agonist antibodies. After 24 h of 
culture, T cells were collected and washed twice with ice cold PBS by 
centrifugation at 1500 rpm for 5 min. The whole-cell protein extracts 
were isolated using radioimmunoprecipitation assay lysis buffer. Protein 
concentration was determined by the BCA Protein Assay Kit (Keygen 
Biotech). About 30 μg of total protein was loaded, fractionated by SDS- 
polyacrylamide gel electrophoresis, transferred to polyvinylidene 
difluoride membrane, and probed with anti-β-actin (Absin), anti-pCD3ζ 
(Tyr142) (Thermo Fisher Scientific) and anti-pZAP70 (Tyr319) (Cell 
Signaling Technology). Signal was detected using a chemiluminescence 
imaging system (Tanon). 

4.4.6. The cytokines secretion analysis 
1 × 106 naïve CD8+T cells were incubated in 1 mL RPIM 1640 me

dium containing 20 μM COOH-TPE-PEG-Chol for 30 min and then 
washed twice with ice cold PBS by centrifugation at 1500 rpm for 5 min. 
The naïve CD8+T cells and naïve COOH-TPE-PEG-Chol anchored CD8+T 
cells were stimulated with anti-CD3 (3 μg/mL) and anti-CD28 (2 μg/mL) 
agonist antibodies. After 24 h of culture, T cells were collected and 
washed twice with ice cold PBS by centrifugation at 1500 rpm for 5 min. 
Then, T cells were resuspended at 1 × 107/mL in ice cold PBS, and 
stained with FITC anti-mouse GzmB (1 μg/mL, BioLegend), APC anti- 
mouse IFNγ (0.6 μg/mL, BioLegend) and PE anti-mouse TNFα (0.5 μg/ 
mL, BioLegend) for 20 min at 4 ◦C. Finally, T cells were washed twice 
with ice cold PBS by centrifugation at 1500 rpm for 5 min and resus
pended at 1 × 106/mL in ice cold PBS. The fluorescence of GzmB, IFNγ 
and TNFα were detected by flow cytometry. 

4.5. The efficiency of COOH-TPE-PEG-Chol for real-time monitoring T 
cells with heterogeneous activation levels 

4.5.1. Confocal imaging of the cholesterol distribution on naïve and 
activated T cells membrane 

The naïve and activated T cells were collected, and fixed with 4% 
Paraformaldehyde (PFA) for 15 min at room temperature. Then, cells 
were washed twice with PBS and stained with Filipin III (50 μg/mL) for 
30 min at 4 ◦C, and plated in confocal chambers after centrifugation. 
Images were collected using a Zeiss LSM 880 confocal microscope and 
analyzed using Zeiss ZEN software. 

4.5.2. Real-time monitoring the activation of T cells by COOH-TPE-PEG- 
Chol 

The naïve T cells were incubated in 1 mL RPIM 1640 medium con
taining 20 μM COOH-TPE-PEG-Chol for 30 min at 37 ◦C, and cultured in 
plate pre-coated with anti-CD3 (3 μg/mL) and anti-CD28 (2 μg/mL) for 
24 h. Then naïve T cells and activated T cells were collected respectively 
and stained with Alexa Fluor 647 anti-mouse TCR antibody for 15 min at 
4 ◦C. T cells were fixed with 4% PFA for 15 min at room temperature, 
and collected and washed with PBS, and plated in confocal chambers. 
Images were collected using a Zeiss LSM 880 confocal microscope and 
analyzed using Zeiss ZEN software. Fluorescence was analyzed with 
ImageJ, and the signal-to-noise ratio was calculated as the ratio of probe 
fluorescence in the TCR nanocluster to probe fluorescence in the non- 
TCR nanocluster region, and the signal-to-background ratio was calcu
lated as the ratio of probe fluorescence in the TCR nanocluster to the 
fluorescence in the background without probe. 

To verify the colocalization of COOH-TPE-PEG-Chol and TCR 
nanoclusters, images of COOH-TPE-PEG-Chol fluorescence and TCR 
fluorescence on activated T cells were collected using a Zeiss LSM 880 
confocal microscope. Images were imported into the Fiji/ImageJ soft
ware, which contains a number of pre-installed plugins including a 
procedure for colocalization analysis. The co-localization of COOH-TPE- 
PEG-Chol and TCR, and 2D intensity histograms, Pearson coefficients 
were exported with Fiji/ImageJ. 

The naïve T cells were incubated in 1 mL RPIM 1640 medium con
taining 20 μM COOH-TPE-PEG-Chol for 30 min at 37 ◦C, and cultured in 
plate pre-coated with anti-CD3 (3 μg/mL) and anti-CD28 (2 μg/mL) for 
different time (0, 6, 12, 24 h). Then, the cells were collected and washed 
twice with ice cold PBS by centrifugation at 1500 rpm for 5 min. Finally, 
T cells were resuspended at 1 × 106/mL in ice cold PBS, the fluorescence 
intensity of COOH-TPE-PEG-Chol was investigated using flow 
cytometry. 

4.5.3. The lifetime of COOH-TPE-PEG-Chol on the cell-surface 
1 × 106 naïve CD8+T cells were incubated in 1 mL RPIM 1640 me

dium containing 20 μM COOH-TPE-PEG-Chol for 30 min at 37 ◦C, and 
CD8+T cells were collected and washed twice with PBS. The COOH-TPE- 
PEG-Chol anchored naïve CD8+T cells were cultured in plate pre-coated 
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against anti-CD3 (3 μg/mL) and anti-CD28 (2 μg/mL) for 24 h, and then 
the COOH-TPE-PEG-Chol anchored activated CD8+T cells were 
collected and used to detect the lifetime of COOH-TPE-PEG-Chol. The 
COOH-TPE-PEG-Chol anchored activated CD8+T cells were reactivated 
by anti-CD3 (3 μg/mL) and anti-CD28 (2 μg/mL) for 30 min at different 
time (0, 6, 12, 24, 48, 72, 96 h). T cells were collected and washed twice 
with ice cold PBS by centrifugation at 1500 rpm for 5 min. Then, T cells 
were stained with 5 μM SYTO 82 orange dye for 10 min. The fluores
cence of COOH-TPE-PEG-Chol was detected by LSM 880 confocal mi
croscope and flow cytometry. 

4.5.4. Real-time monitoring the activation of human CD8+T cells by 
COOH-TPE-PEG-Chol 

The naïve T cells were incubated in 1 mL RPIM 1640 medium con
taining 20 μM COOH-TPE-PEG-Chol for 30 min at 37 ◦C, and T cells were 
collected and washed twice with PBS. T cells were resuspended at 
ImmunoCult™ XF T cell expansion medium containing, and cultured in 
plate pre-coated against anti-CD3 with different concentration (0, 0.185, 
0.375, 0.75, 1.5, 3 μg/mL) or anti-CD3 (3 μg/mL) plus anti-CD28 (2 μg/ 
mL) for 24 h. T cells were collected and washed twice with ice cold PBS 
by centrifugation at 1500 rpm for 5 min. Then, T cells were stained with 
5 μM SYTO 82 orange dye for 10 min, and plated in confocal chambers. 
Images were collected using a Zeiss LSM 880 confocal microscope and 
analyzed using Zeiss ZEN software. Moreover, the above T cells were 
resuspended at 1 × 106/mL in ice cold PBS and further analyzed for the 
fluorescence intensity of COOH-TPE-PEG-Chol by flow cytometry. 

The naïve T cells were incubated in 1 mL RPIM 1640 medium con
taining 20 μM COOH-TPE-PEG-Chol for 30 min at 37 ◦C, and T cells were 
collected and washed twice with PBS. T cells were cultured in plate pre- 
coated against anti-CD3 (3 μg/mL) and anti-CD28 (2 μg/mL) for 24 h, 
and then T cells were collected. A surgically resected human ovarian 
cancer tissue was obtained from a female ovarian cancer patient 
following an approved the Ethics Committee of Nanjing Jingdu hospital. 
The COOH-TPE-PEG-Chol anchored activated CD8+T cells were injected 
into the ovarian cancer tissue, and incubated at 37 ◦C, 5% CO2 under 
medium for different time (0, 4, 8, 16, 24, 48 h). At the end of different 
time point, the cancer tissues were collected and stored at − 80 ◦C for 
further research. Frozen cancer tissues were sectioned and fixed for 
fluorescent immunohistochemistry staining. Frozen tissue sections were 
permeabilized using 0.3% Triton X-100, and stained with rabbit anti- 
human pZAP70 (phosphor Y292, Abcam) for 1 h at room temperature, 
and then stained with Alexa Fluor 594-conjugated goat anti-rabbit lgG 
(2 μg/mL, Invitrogen) for 1 h at room temperature. Meanwhile, sections 
were also stained with APC anti-human CD8a antibody (1 μg/mL, Bio
legend) for 1 h at room temperature and 5 μM SYTO 82 orange dye for 
10 min. Finally, these sections were sealed after washed with PBS, and 
observed using LSM 880 confocal microscope. 

4.6. Statistical analysis 

All the data were presented as mean ± SEM. Student’s t-test was used 
for a comparison between two groups, and the differences among mul
tiple groups were analyzed by one-way ANOVA. 95% confidence in
tervals (CI) were calculated by Student’s t-test or one-way ANOVA. 
Statistical significance was set at *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001 and n.s denotes no significant difference. (GraphPad 
Prism 8.0.1). 
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