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Abstract: Recent advancements in phototherapy have underscored the need for effective cellular imaging agents 

that can enhance therapeutic efficacy and precision. Perylene diimide (PDI) dyes, known for their unique optical 

properties and biocompatibility, have emerged as promising candidates in this domain. This review paper 

provides a comprehensive analysis of the potential applications of PDI dyes in cellular imaging, specifically 

within the context of phototherapies. We explore the synthesis of these dyes, their photophysical characteristics, 

and mechanisms of cellular uptake. Moreover, this review highlights recent studies that demonstrate the 

effectiveness of PDI dyes in real-time imaging of cellular processes and their synergistic effects in photodynamic 

therapy (PDT) and photothermal therapy (PTT). By evaluating various experimental approaches and their 

outcomes, we aim to elucidate the advantages of employing PDI dyes in clinical settings. The findings of this 

review suggest that perylene diimide dyes are not only capable of enhancing imaging contrast but also 

optimizing the therapeutic response in targeted phototherapy applications. Ultimately, this paper advocates for 

further research into the integration of PDI dyes in clinical practice, emphasizing their potential to significantly 

improve patient outcomes in cancer and other diseases requiring photoactive treatment modalities. 

Keywords: perylene diimides; fluorescence; aggregation; cellular imaging; photothermal therapy; 

photodynamic therapy; chemotherapy 

 

1. Introduction 

Perylene diimide (PDI) dyes have gained significant attention as versatile fluorescent probes and 

therapeutic agents due to their exceptional optical properties and tunable functionalities [1–3]. The 

unique chemical structure of PDIs, characterized by their strong absorption in the visible range and 

high quantum yield, positions them as ideal candidates for a variety of applications in cellular 

imaging and therapy [4,5]. In recent years, researchers have focused on leveraging PDIs for bioimaging, 

particularly emphasizing their role in live-cell imaging and targeted organelle visualization [6–8]. The 

ability to selectively stain specific cellular components enhances our understanding of cellular processes 

and facilitates the development of diagnostic tools in medical applications.  

Moreover, PDIs are extensively explored in photodynamic therapy (PDT) and photothermal 

therapy (PTT) due to their ability to generate reactive oxygen species upon light activation, making 

them potent agents for cancer treatment [9,10]. The dual functionality of PDIs as imaging agents and 

therapy enhancers offers the potential for integrative approaches in cancer diagnosis and treatment, 

allowing for real-time monitoring of therapeutic efficacy and disease dynamics [6,11]. Additionally, 

the development of novel synthetic strategies has led to the functionalization of PDIs, improving their 

water solubility and biocompatibility, traits that are critical for biomedical applications [2,7,12]. 

Despite these advancements, several challenges hinder the widespread incorporation of PDIs in 

clinical settings. Key issues include the inherent low solubility of PDIs in aqueous environments, 

which limits their accessibility for biological applications [10,13]. Furthermore, addressing the 

aggregation phenomena that adversely affect the optical properties of PDIs in biological settings 
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remains a major hurdle [14–16]. This aggregation can lead to reduced fluorescence intensity and 

imaging resolution, complicating cellular analysis [17,18].  

This review aims to provide a comprehensive overview of the applications of perylene diimide 

dyes in cellular imaging and therapy. We will delve into recent advances in PDI-based systems, 

including their synthesis, modification, and application strategies, whilst critically examining the 

challenges that continue to pose obstacles in realizing their full potential in therapeutic and imaging 

techniques. Understanding and overcoming these challenges is fundamental for the future 

development of PDIs as effective tools in biomedical research and clinical practice. 

2. General Synthetic Routes 

Figure 1 illustrates the molecular structure of perylene-3,4,9,10-tetracarboxylic dianhydride 

(PTCDA), recognized as the foundational compound of this class [19,20]. Originally synthesized in 

the early 1910s, PTCDA serves as a precursor for various perylene diimide (PDI) dyes [21,22]. The 

figure also presents a generic PDI dye with labeled positions. Structural modifications, particularly 

at the imide N,N' sites and the hydrocarbon core's 1, 6, 7, and/or 12 positions (commonly referred to 

as “bay” positions), have led to PDIs with diverse chemical and physical properties. 

 

Figure 1. A generic chemical structure for PTCDA and PDI derivatives with the various positions in the chemical 

structure for functionalization. 

2.1. Traditional Synthesis Methods  

Traditionally, PDIs have been prepared through the "Langhals method," which entails reacting 

perylene-3,4,9,10-tetracarboxylic dianhydride (PDA) with primary amines in molten imidazole or 

qunoline at elevated temperatures, typically between 140 and 180 °C  (Scheme 1, method 

A)[20,22,23]. Zinc acetate is frequently employed as a catalyst in this process, facilitating the 

formation of diimides under rigorous conditions with almost 95% yield for the products [24,25]. 

Despite its widespread use and reliability, this approach is associated with high energy demands and 

restricted compatibility with various functional groups due to the requirement for elevated 

temperatures. The standard procedure begins with dissolving PDA in molten imidazole, where 

primary amines are added to the reaction mixture [22]. Following the reaction, purification is 

typically carried out through filtration to isolate the formed PDIs, which are then washed to obtain 

final products priced for their high stability and excellent electronic properties. 

An alternative approach involves treating PTCDA or its analogues, which have dibromo or 

tetrachloro substitutions at the “bay” positions, with primary amines in heated alcohols like n-

butanol, carboxylic acids such as acetic or propionic acid, or alcohol-water mixtures like a 1:1 n-

butanol/water system. This method has been shown to achieve isolated yields exceeding 90% 

(Scheme 1, method B) [26].  
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Scheme 1. Synthetic route for fabrication of dialkyl or diaryl PDI derivatives (method A-B). Method C and D 

represents the synthesis of asymmetrical PDI derivatives with different Substituents on Each Imide Position. 

Unsymmetrical PDIs with distinct substituents at each imide position have been reported, 

though their direct synthesis from PTCDA remains challenging. Attempts involving the 

simultaneous or sequential addition of different amines often fail due to their varying reactivity with 

PTCDA, typically yielding only trace amounts of the desired product alongside predominant 

symmetrical PDIs. Consequently, multistep synthetic strategies are usually required. One approach 

(Scheme 1, method C) involves partial hydrolysis of symmetrical PDIs to generate perylene 

monoimide monoanhydride intermediates, which can then undergo imidization with a second amine 

or aniline to produce asymmetrical PDIs [26]. Another method utilizes mixed imide-anhydride 

intermediates, such as those reacted with o-phenylenediamine derivatives to form imide-

benzoimidazole structures. However, direct imidization of PTCDA generally favors diimide 

formation due to the higher solubility of mixed imide-anhydride intermediates [27]. An alternative 

strategy, first introduced by Tam-Chan and colleagues in the late 1990s (Scheme 1, method D), 

involves partial hydrolysis of PTCDA to a mixed anhydride-dicarboxylate salt, followed by 

successive imidization steps [28]. Despite its effectiveness, method A is more commonly used due to 

its higher yield and simplified purification process [29–31]. 
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2.2. Room Temperature Synthesis 

The development of a novel protocol allows for the synthesis of PDIs under much milder 

conditions at room temperature, addressing some of the environmental and efficiency issues seen 

with traditional methods. This method employs the reaction of PTCDA with aliphatic amines in 

solvents like DMF or DMSO, using dibutyldimethylammonium and K2CO3 as the base [32]. The 

process shows high conversions even at temperatures between 20 and 60 °C, presenting a significant 

advancement in the synthetic strategies for PDIs (Scheme 2, Method A). In this improved synthetic 

route, the reaction begins with the addition of the amine to a solution of PTCDA in DMF. Kinetic 

studies suggest that the formation of an amic acid intermediate occurs quickly, which subsequently 

transforms into the diimide via a slower intramolecular imidization. The advantage is that these 

reactions proceed under much less extreme conditions than previously utilized methods, resulting in 

higher functional group tolerance and less environmental impact. 

 

Scheme 2. Room temperature synthetic route for the fabrication of PDI derivatives. Method A showing use of 

amines and method B showing use of alcohols for the formation of PDI derivatives. 

Compared to imidization, the esterification of PTCDA can occur under mild conditions, even at 

room temperature, as shown in Scheme 2, Method B [33,34]. In the initial step, an alcohol attacks the 

anhydride in the presence of the strong base DBU, leading to the formation of perylene-3,9-

dicarboxylic acid-4,10-dicarboxylic dialkyl esters which exhibit high solubility. These intermediates 

then undergo a slower, rate-limiting reaction with an alkyl halide, ultimately yielding perylene-

3,4,9,10-tetracarboxylic tetra-alkyl esters in nearly quantitative amounts. Notably, a modified 

approach has demonstrated the synthesis of an imide at room temperature, likely proceeding via an 

amic acid intermediate. Although this process involves a prolonged 3-day aminolysis reaction, 

making it less practical, it highlights the feasibility of PDI synthesis under mild conditions. 
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2.3. Green Synthesis Approaches 

In line with sustainability goals, recent methodologies have focused on greener synthesis 

techniques. One notable approach involves using a solvent-free method with a twin-screw extruder 

or employing water at high temperatures and elevated pressures. Although these methods require 

specific conditions, they showcase how PDI synthesis is evolving to reduce reliance on toxic solvents 

and harsh conditions [35,36]. Furthermore, a synthesis using K2CO3 in DMSO at 100 °C has 

demonstrated a green alternative, achieved quantitative yields while maintained the efficiency of the 

reaction. The incorporation of non-toxic solvents and bases is critical in this approach, contributing 

to the synthesis of PDIs that are environmentally friendly while retaining their essential qualities [32]. 

In one of the studies a series of PDI derivatives were prepared by hydrothermal reaction between 

alkyl amines and PTCDA [37,38]. A series of alkyl amines (n-Cn-NH2; n = 3, 5, 18, 14) were treated with 

PTCDA derivative, and tetraethyl orthosilicate, and transferred the content into a non-stirred autoclave 

that was placed into an oven preheated at 200 °C for 24h. After cooling down the reaction, products were 

isolated by filtration to produce ultrapure PDI derivative with good optoelectronic properties [37]. 

2.4. Transition Metal-Catalyzed Methods 

In recent years, synthetic methods utilizing transition metal-catalyzed couplings have gained 

attraction. For example, bay-substituted PDIs can be synthesized via C–C Suzuki coupling involving 

diaryl or brominated derivatives of PDIs, which ensures regioselectivity and potentially higher purity 

of the target compound [39–42]. Although this method opens new avenues for specific 

functionalization of the PDI core, challenges related to complex reaction conditions and post-reaction 

purification remain. 

One of the most employed methodologies for synthesizing PDIs is the transition-metal-catalyzed 

Suzuki coupling reaction. This process utilizes palladium as a catalyst and facilitates the coupling of 

aryl or vinyl boronic acids with activated bromo or chloro derivatives of PDIs [43–45]. The advantage 

of this method lies in its ability to introduce functional groups at various positions on the PDI core, 

enhancing its solubility and electronic properties. For example, the synthesis of bay-substituted PDIs 

via mono- or dibromo PDI derivatives under Suzuki coupling conditions is well documented [39]. 

The successful incorporation of functional groups significantly alters the electronic character of PDIs, 

rendering them suitable for applications in organic photovoltaics and field-effect transistors. 

Another effective transition-metal-catalyzed technique is the Stille coupling reaction, which 

involves the coupling of organotin reagents with PDIs [42,46–48]. This method allows the synthesis 

of complex PDI architectures that are otherwise challenging to obtain through traditional means. The 

Stille coupling reaction is celebrated for its selectivity and efficiency, leading to high yield syntheses 

of multiphenyl-substituted PDIs that display enhanced charge transport capabilities owing to the 

extended π-conjugation. The modification of PDI derivatives through these coupling reactions opens 

avenues for tailoring their absorption characteristics and energy levels, aligned with specific 

applications in organic electronics. 

Transition metal-catalyzed C–H activation has also proven to be a revolutionary approach in 

PDI synthesis, enabling the direct functionalization of C–H bonds in the PDI core [40,49,50]. Such 

strategies diminish the need for prefunctionalized substrates, streamlining the synthesis process. This 

technique has been particularly advantageous for constructing PDIs that incorporate diverse 

functional groups, thus enhancing the versatility of their applications. The activation of C–H bonds 

require precise coordination and catalyst design to achieve selective reactivity, contributing to the 

development of advanced perylene derivatives with tailored electronic properties. 

3. Photophysics of PDIs 

PDIs display well-defined absorption and emission spectra, with emission peaks typically 

appearing at wavelengths that are mirror images of their absorption bands. The structural integrity 

of PDIs allows for the fine-tuning of their optical properties through chemical modifications, such as 
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substituents on the perylene core. PDIs exhibit strong and broad absorption spectra, typically found 

in the UV-visible region. The absorption peaks generally occur around 530 nm to 550 nm, which 

corresponds to the π-π* electronic transitions of the conjugated perylene core. The ability of PDIs to 

absorb light efficiently is largely due to their planar structure and extensive π-conjugation, which 

allows for effective overlap of π-orbitals among adjacent molecules. Substituent groups on the PDI 

core can considerably alter the absorption characteristics. As demonstrated in studies, the presence 

of different substituents can shift the maximum absorption bands. For example, one study reported 

shifts in the maximum absorption bands for various PDI (1-3) derivatives, with observed ranges of 

555 nm to 585 nm contingent upon specific molecular modifications (Figure 2A,B) [51]. Such shifts 

significantly affect the electronic transitions within the molecule and highlight the tunability of PDIs 

for tailored applications. Additionally, the aggregation of PDIs can lead to significant changes in their 

absorption and emission spectra (Figure 2B). When PDIs aggregate, for example, due to increased 

concentration or structural interactions, the UV-visible absorption profiles exhibit alterations, primarily 

due to H-aggregate formation. Such aggregation phenomena can lead to altered intensities and band shifts 

in the absorption spectra, essential for understanding their behavior in solid-state applications [52,53]. 

The emission properties of PDIs are significantly influenced by the nature and position of 

substituents on the perylene core [54,55]. PDIs are celebrated for their high luminescence efficiency, 

excellent thermal stability, and tunable optical properties, making them suitable for applications in 

organic electronics, photovoltaic devices, and fluorescent materials. This review explores how 

different substituents modulate the emission characteristics of PDIs, focusing on the mechanisms by 

which they alter photophysical properties including absorption, fluorescence intensity, and emission 

wavelengths. The optical properties of PDIs are highly dependent on the electronic interaction 

between the PDI core and the substituents. Substituents can affect the energy levels of the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), thereby 

influencing the absorption and emission spectra. Electron-donating groups typically lead to red shifts 

in the absorption and emission spectra due to increased conjugation with the perylene core [56]. PDIs 

with electron-donating substituents such as phenoxy and chlorophenoxy groups, the introduction of 

these substituents has been shown to stabilize the excited states, facilitating higher fluorescence 

efficiencies. The effect is particularly pronounced when such substituents reduce the energy gap 

between the HOMO and the LUMO levels, leading to enhanced light absorption and subsequent 

emission. Conversely, electron-withdrawing substituents can induce blue shifts due to decreased 

electron density in the conjugated system. 

The introduction of bulky substituents can also hinder intermolecular π-π interactions, which 

are known to cause aggregation-caused quenching (ACQ) in solid-state PDIs. The modification of 

PDIs by substituents at the bay position (the positions adjacent to the carbonyl groups) has 

demonstrated profound effects on their self-assembly and fluorescence-quenching characteristics 

[57–59]. For instance, PDI-(4- 7) derivatives with unsymmetrical substituents show distinct emission 

spectra indicative of their unique packing structures (Figure 2C,D) [57]. The fluorescence efficiency 

of PDIs is a major contributing factor to their utility in electronic and optoelectronic devices. PDIs 

typically exhibit high fluorescence quantum yields, often approaching unity in diluted solutions, 

which however can significantly decrease upon aggregation in solid states due to ACQ. For instance, 

studies reveal that while the emission quantum yield of certain PDIs in solution can be as high as 57.2%, 

the yield notably drops to 6.2% in their solid state [51]. This disparity exemplifies the critical importance 

of molecular aggregation and the influence of environmental conditions on fluorescent properties. 

Recent advances in the design of PDIs with various substituents have yielded materials with 

tailored photophysical properties suitable for specific applications. For example, structural 

modifications can be optimized for enhanced photothermal conversion or fluorescence properties, 

which are essential for the development of advanced electronic and photonic devices [11]. Moreover, 

the solubility and aggregation behavior of PDIs in different environments are also influenced by 

substituents. The flexibility imparted by certain substituents can mitigate aggregation propensity in 

solvents, enabling higher fluorescence yields in solution states, while rigid substituents lead to well-
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defined nanostructures but can enhance self-quenched emission in solid states [60]. This balance 

between solubility and optical performance is critical in applications ranging from organic light-

emitting diodes to solar cells. 

 

Figure 2. Structure and optical properties of various PDI derivatives. (A) Molecular structure and (B) Absorption 

spectra (solid lines) and corresponding fluorescence spectra (dot lines) for PDI (1-3) with Bay substitutions with 

various substituents. PDI-1 (black), PDI-2 (blue) and PDI-3 (red) in DCM. (C) Chemical structures of alkoxybenzyl-

substituted PDI-(4-7). (D) Photographs showcase the corresponding powders under daylight and UV irradiation (365 

nm), along with fluorescence images of single crystals captured with a 158-millisecond exposure time [51,57]. 

4. Synthesize of Water Soluble PDI Derivatives 

PDIs face significant challenges in biological and medicinal applications due to their poor water 

solubility, weak fluorescence in aqueous environments, and strong tendency to aggregate, which 

stems from intrinsic π–π stacking interactions between perylene backbones [52,61]. To overcome 

these limitations, extensive research has focused on enhancing the water solubility of PDIs by 

incorporating hydrophilic groups at the bay region, imide positions, or ortho-positions. One 

approach involves the direct integration of ionic groups, such as cationic ammonium salts, anionic 

carboxylic acids, sulfonic acids, and phosphonic acids, into the perylene chromophore, resulting in 

water-soluble PDIs. Another effective strategy is the attachment of non-ionic substituents containing 

multiple polar groups, including poly (ethylene glycol) (PEG), polyglycerol (PG) dendrons, and 

dendritic carbohydrate derivatives, at these key positions. These modifications help prevent 

aggregation of the perylene cores, leading to PDIs with enhanced fluorescence and high fluorescence 

quantum yields in aqueous solutions. Ionic and non-ionic groups such as –SO3H, –OH, –NH2, –NHR, 

–COOH, –O– can be introduced into the bay or ortho positions of PDIs to improve their water 

solubility and in turn for various applications. 

4.1. Substituting with Anionic Groups   

Various anionic groups such as carboxylic, sulphonic, phosphonic acid groups can be introduced 

into the PDI back bone to improve their solubility in water and in biological media. As shown in 
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Figure 3, a series of PDI derivatives was prepared by Mullen and coworkers by substituting the bay 

and imide positions of parent PTCDA derivative [62–64]. As shown in Figure 3, PDI-8, featuring four 

carboxylate sodium salts in the bay-region, was synthesized by reacting the parent acid with sodium 

hydroxide, enhancing water solubility. However, its chromophore with carboxyl groups remains 

water insoluble. The PDI-9 derivative with four sulfonic acids, exhibited a solubility of 8.0 × 10⁻² mol 

L⁻¹. Reducing hydrophilic groups from four to two lowered both solubility and fluorescence quantum 

yield in PDI-9 derivative (FQY = 12%). The monofunctional PDI-10 had similar solubility to ionic 

PDIs and retained a carboxyl handle for further modifications. PDI-9 showed an FQY of 58%, reduced 

from 100% in organic solvents due to aggregation, vibrational relaxation, and photo-induced electron 

transfer. Whereas PDI-8 had a lower FQY (7%) due to lipophilic alkyl spacers, while PDI- 11s FQY 

was slightly lower (49%) than PDI-9, as imide substitution influenced fluorescence. PDI-12, with 

ortho-phosphonic acids, exhibited resistance to aggregation and quenching, achieving an FQY of 77% 

and was successfully used for HeLa cell labeling. Akkaya et al. synthesized green PDI dyes (13a–c) 

with dialkylamino groups, where 13c efficiently generated singlet oxygen under red light, showing 

cytotoxic effects [65]. Malik et al. developed chiral PDIs (14a–b) with aspartic acid at imide positions, 

forming reddish-brown hydrogels at pH 4 [66]. Upon drying, these hydrogels produced helical fibers 

stabilized by π–π stacking and hydrogen bonding. 

 

Figure 3. Chemical structures for water soluble PDI derivatives (8-14) having anionic charges on various positions. 

Given the vast potential of water-soluble PDIs in biosensing and metal ion detection in aqueous 

environments, Kozma et al. synthesized four novel amino acid-based PDIs (15-18): PDI-Thr (L-

threonine, PDI-15), PDI-Asp (L-aspartic acid, PDI-16), PDI-Met (L-methionine, PDI-17), and PDI-

Cys. (L-cysteine, PDI-18) as shown in Figure 4A [67]. Notably, PDI-Thr and PDI-Cys have not been 

previously reported. This study provides a comparative analysis of their aggregation behavior in 

both organic and aqueous media using absorption and emission spectroscopy. The incorporation of 
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amino acid carboxyl groups at the peripheral nitrogen atoms ensures solubility in aqueous solutions 

at pH ≥ 6, while their aggregation tendencies are influenced by the specific amino acid side chain. By 

examining their optical properties in DMSO and buffered aqueous solutions, the study highlights 

their concentration-dependent self-association, paving the way for the development of innovative 

PDI-based sensing platforms (Figure 4B). 

Heek et al. fabricated polyglycerol dendronized PDI derivatives (19-22) with different 

generation of dendrons such as G1-PDI-G1 (PDI-19), G2-PDI-G2 (PDI-20), G3-PDI-G3 (PDI-21), and 

G4-PDI-G4 (PDI-22) with excellent water solubility (Figure 4C) [68]. The highly sterically demanding 

dendron substituent resulted in a dye with an exceptional fluorescence quantum yield nearing 100% 

in water for the lowest concentration such as 10-7 M (Figure 4D). This confirms that no specific 

quenching mechanism, such as excited-state proton transfer, is active in this class of fluorophores. 

Consequently, core-unsubstituted PDIs can exhibit strong fluorescence in water when aggregation is 

effectively prevented, paving the way for diverse applications in fluorescent labeling and sensing.  

 

Figure 4. Chemical structures for various water soluble PDI derivatives with anionic groups on imide positions. 

(A) Molecular structures of the PDIs functionalized with aminoa cids. PDI-Thr (L-threonine, PDI-15), PDI-Asp 

(L-aspartic acid, PDI-16), PDI-Met (L-methionine, PDI-17), and PDI-Cys. (L-cysteine, PDI-18). (B) A visual 

comparison of the four amino acids functionalized PDI derivatives in PBS and DMSO at two concentrations, 

observed under white light and UV illumination (λ = 365 nm). (C) Synthetic scheme for the polyglycerol 

functionalized PDI derivatives (19-21), and showing the structure for PDI-20. (D) The fluorescence measurements of 

PDI-19 (top), PDI-20 (middle), and PDI-21 (bottom) were recorded across concentrations ranging from 10⁻⁴ M to 10⁻⁷ 

M with an excitation wavelength of 490 nm. The inset displays a photograph of PDI solutions (19–21, labeled [G1]–

[G4] from left to right) under UV-light illumination at a concentration of 1.43 × 10⁻⁴ M. [67,68]. 

Yin et al. described negatively charged fluorescent core–shell macromolecules (22,23, and 24) 

featuring a central PDI chromophore enclosed by hydrophobic polyphenylene dendrimers and 

flexible polymer shells [69–71] . Unlike polyamide dendrons, polyphenylene dendrimers are bulkier 

and more rigid, effectively preventing aggregation and protecting the inner perylene chromophores. 
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The outer polymer layers, enriched with carboxylic acids via atom transfer radical polymerization 

enhance water solubility and charge density. PDIs-22 and 23, classified as 1G dendrimers, contain 

eight arms with carboxylic acids and sodium salts, while PDI-24, a 2G analogue, has sixteen arms. 

These macromolecules exhibit high water solubility (>10 g/L). Fluorescence quantum yields (FQYs) 

are 13% for PDI-22 and 22% for PDI-24 in water. Additionally, PDI-22 (n = 55) self-assembles into 

unimolecular fluorescent polymeric micelles in aqueous media, with pH-dependent size and 

fluorescence due to its polyelectrolytic outer shell. These PDI derivatives used for nuclear staining 

and for the detection of DNA. 

4.2. Substituting with Cationic Groups   

PDI derivatives can be made water soluble by substituting them with quaternary ammonium 

salt or converting nitrogen into its protonated form. As shown in Figure 5A, Yu et al. fabricated a 

cationic PDI-23, derivative with two positive charges on the imide nitrogen back bone and showed a 

water solubility for concentration greater than 30 mM [72]. Owing to the positive charges in the 

backbone the repulsive forces tend them not to aggregate in aqueous media.  This PDI derivative 

showed good turn- on fluorescence with aptamer-binding proteins.  A series of water soluble 

cationic PDI-24a-f derivatives was prepared by Yin et al (Figure 5A) [73]. These PDI dyes showed 

cancer cell growth suppression due to their positive charges, and they act as DNA intercalators. PDIs-

24c and 24f, which incorporate quaternary ammonium cations, demonstrate significantly enhanced 

water solubility ( 10 g/L) compared to PDIs 24a and 24d, which contain primary ammonium salts 

and exhibit much lower solubility (approximately 2 g/L). The fluorescence quantum yields of PDIs 

24a–24f vary, measuring 1.1%, 22.8%, 26.2%, 4.7%, 5.6%, and 25.3%, respectively. Among these, PDI-

24b shows minimal cytotoxicity, maintaining 90% cell viability in non-cancerous cells. Additionally, 

PDIs 24d, 24e, and 24f have a unique ability to selectively accumulate in cell nuclei by interacting 

with DNA through intercalation and electrostatic forces (Figure 5B).  

In of the studies two water-soluble PDI-cored star polycations, 25 and 26 were synthesized via 

atom transfer radical polymerization with distinct amines at the PDI bay region [74]. These polymers 

feature a fluorescent PDI core with PAEMA (25) or PDMAEMA (26) arms, enhancing water solubility 

through polar functional groups (Figure 5C). Both exhibit concentration-dependent absorption in 

aqueous solutions while remaining as single molecules (7.26–28.9 mM). With an emission peak at 622 

nm and fluorescence quantum yields of 14% (PDI-25) and 6% (PDI-26), they are suitable for 

fluorescence detection and live-cell imaging. Their high zeta potentials (37.8 and 56.5) allow 

electrostatic DNA interactions and possess high cell uptakes (Figure 5D). Gryszel et al. fabricated a 

PDI derivative with two quaternary ammonium salts at imide position, which act as a catalyst for the 

light-induced conversion of dissolved oxygen to hydrogen peroxide [75]. Even though this dye 

showed promising light absorption property, the quantum efficiency of photon-to-peroxide 

conversion remains low, <1 % quantum efficiency. While this molecular method may not be the most 

efficient for producing peroxide through photosynthesis from dissolved oxygen, it shows great 

potential for applications in biotechnology and biophysics. Bag et al. studied solvent dependent 

emission properties for a cationic PDI derivative. The experiments were performed using water 

miscible solvents such as ethanol, DMSO, THF etc [76]. Experimental and theoretical studies showed 

these dyes showed enhanced emission in the monomeric and in the assembled H-aggregate states. 

An enhancement in emission was observed for ethanol/water system due the favorable enthalpic 

contribution. 
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Figure 5. Chemical structures for various water soluble PDI derivatives with cationic groups on imide positions 

and bay positions. (A) Chemical structures for PDI derivatives PDI- 23-24. (B) Fluorescence images of salivary 

glands incubated with (A, B, and C) PDIs 24d, 24e, and 24f (red), (A′, B′, and C′) DAPI (blue), and (A″, B″, and 

C″) merged channels of PDIs 24d–24f and DAPI. (C) Structure for the Structures of (PAEMA, PDI-25) and 

(PDMAEMA, PDI-26). (D) Fluorescence images of (A) PDI-25/DNA and (B) PDI-26/DNA complexes 

internalized into cells after 48 h incubation (N/P = 20). A′ and B′ are fluorescence images of PDI-25 and PDI-26 

(red). A″ and B″ are fluorescence images of DNA labeled with CXR Reference Dye (blue) [72–74]. 

Yin and colleagues reported the synthesis of a series of water-soluble, cationic dendrimers 

featuring a perylene diimide (PDI) core through a ‘‘click’’ reaction (PDI-27a-c) [77]. The fluorescent 

PDI core facilitates cellular uptake tracking via fluorescence microscopy. The dendrimers possess 

peripheral primary amines, which acquire positive charges upon hydrochloric acid treatment, 

contributing to their solubility. The outer cationic structure effectively prevents PDI aggregation by 

leveraging steric hindrance and electrostatic repulsion. Additionally, the presence of multiple polar 

groups (–OCO– and –S–) further enhances water solubility, exceeding 10 g/L. These dendrimers 

exhibit excellent photostability, and their absorbance, fluorescence intensity, and fluorescence 

quantum yields (9%, 12%, and 25%) increase with dendrimer generation. Moreover, their cytotoxicity 

remains low, with cell viability exceeding 90% at 6 µM concentration. 
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4.3. PDI Derivatives with Non-Ionic Substituents 

Non-ionic groups such as polyethylene glycol (PEG), polyglycerol (PG) dendrons, and dendritic 

carbohydrates can be substituted to make water soluble PDIs for various applications. Such groups 

render the - stacking interaction of PDI core retaining their emissive properties. As shown in Figure 

6A a series of PDI-cored PEG dendrimers PDI-28a-c were prepared. The branched PEG and poly 

glutamic acid groups suppress the aggregation of PDI with an improved water solubility for the 

core[78]. PDI-28a, containing 0G dendrons, remains aggregated across its tested concentration range 

(1 × 10⁻⁶ to 1 × 10⁻⁴ M), as indicated by a broad absorption spectrum, a hypochromically shifted 

absorption maximum, and low fluorescence efficiency (4%) (Figure 6B). In contrast, higher dendron 

generations in dyes PDI-28b and PDI-28c introduce steric hindrance, enhancing PDI hydrophilicity and 

significantly increasing their fluorescence quantum yields in water (65% and 93%) due to complete 

suppression of aggregation. MTT assay results confirm that PDIs 28a–c exhibits minimal cytotoxicity 

(over 90% cell viability), as PEG chains prevent unwanted interactions with extracellular proteins.  

 

Figure 6. (A) Chemical structure for PDI derivatives 28-29 with PEG water soluble groups on backbone. (B) 

Concentration dependent absorption spectra for PDI-28a-c. (C) The fluorescence spectrum of PDI-29 (10 μM) 

exhibits changes upon incremental addition of avidin (0–30 μM), with the inset displaying the corresponding 

fluorescence titration curve [78,79]. 

Additionally, the development of bay-substituted PDI-29, modified with a biotin ligand, allows 

for the formation of highly stable self-assembled nanostructures in aqueous media, leading to total 

fluorescence quenching (Figure 6A). Whereas on interaction with avidin the probe showed a tun-on 

fluorescence for tracking the targeted proteins in living cells (Figure 6C). 
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The introduction of functional groups in the bay-region of PDIs induces a red shift in the 

absorption maximum and enhances the Stokes shift, reducing phototoxicity and biological auto-

fluorescence interference. Zimmerman and colleagues developed neutral, water-soluble PDIs (30-32) 

with bay-substituted amide-coupled PG dendrons, which provide steric hindrance to minimize π–π 

interactions (Figure 7A) [80]. Compounds 32b and 32c were synthesized through click reactions 

between monofunctional 32a and alkyne-functionalized biotin and maleimide. These PDIs exhibit 

high fluorescence quantum yields (FQYs) in water (57%–83%), influenced by encapsulation 

efficiency. PDI-31, with extensive dendron substitution, achieves the highest FQY (83%) due to 

superior solubilization. However, intramolecular crosslinking of dendronized PG reduces hydroxyl 

groups, leading to decreased aqueous solubility and FQY. 

 

Figure 7. (A) Chemical structure for the PDI derivatives PDI- 30-32 having polyglycerol dendrons in the bay 

region. (B) Chemical structure for PDI based glycodendrimers (PDI-33-35). 
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A series of water-soluble PDIs-33–35 modified with glycodendrimers at the imide-positions or 

bay-region were synthesized using a click reaction followed by deprotection (Figure 7B). Their UV-

vis spectra show a transition from monomeric to aggregated states as concentration increases and 

temperature decreases, indicating aggregation dependence. At low concentrations (5.0 × 10⁻⁶ M), the 

FQYs of PDI-33 and PDI-36 are 59.9% and 54%, respectively, but fluorescence diminishes with 

increasing concentration due to aggregation. PDI-35, with glycodendrimers at both positions, 

exhibits minimal fluorescence due to intramolecular electron transfer. MTT assays confirm that PDI-

33 is non-cytotoxic, maintaining 110% cell viability at 50 µg/mL. 

5. Biomedical Application of PDI 

Water-soluble perylene diimide (PDI) derivatives have garnered substantial attention in recent 

years due to their unique optical properties, biocompatibility, and potential for versatile applications 

in biological systems [1,81,82]. The modification of PDIs to enhance their water solubility has led to 

significant advancements in various biomedical applications, including photodynamic therapy 

(PDT) [9,83], biosensing [84,85], imaging [86,87], and drug delivery[88–90]. 

5.1. Biosensing Applications 

The fluorescence properties of water-soluble PDIs make them ideal candidates for biosensing 

applications, enabling the detection of various analytes, including ions, small molecules, and 

biomolecules [81,82]. Their high quantum yields and photostability allow for sensitive and real-time 

monitoring in biological environments. PDI-based sensors have been designed for multiple 

applications, including pH monitoring [3,91,92], metal ion detection [1,93] , and biomolecular 

recognition [94–96]. 

Yin et al. reported fluorescent nanotubes formed by electrostatic interactions between oppositely 

charged molecules (PDI-34 and PDI-35) as DNA biosensors (Figure 8A) [70]. The positively charged 

component (PDI-34) adhered to surfaces and bound negatively charged DNA, enhancing fluorescence 

intensity by stabilizing the central PDI chromophore in solution. Later, the team developed a highly 

sensitive and selective DNA sensor using energy transfer between a negatively charged donor (PDI-35; 

Figure 8A) and Cy5-labeled DNA as the acceptor [97]. Excitation at 543 nm facilitated energy transfer, 

significantly amplifying the fluorescence signal, enabling ultrasensitive DNA detection. 

Yan developed the ATP sensor PDI-36 by modifying it with a Zn²⁺–DPEN moiety at its imide 

positions (Figure 8B) [84]. The sensing mechanism relies on ATP binding to the two Zn²⁺ centers, leading 

to a significant fluorescence enhancement in aqueous solution. Other phosphate-containing anions were 

tested, but none exhibited a similar fluorescence response, highlighting the sensor’s high selectivity for 

ATP. Li introduced another fluorescence-based sensing approach using PDI-37 in combination with Cu²⁺ 

ions (Figure 8C) [98]. The PDI-37/Cu²⁺ complex (1:2) forms aggregates in aqueous solution, causing 

fluorescence quenching. Upon the addition of pyrophosphate (PPi), competitive binding with Cu²⁺ 

disrupts these aggregates, restoring fluorescence. This selective fluorescence "turn-on" mechanism enables 

sensitive PPi detection with a limit of detection (LDL) of 0.2 μM (Figure 8D). Expanding on this concept, 

Iyer developed a nanocomposite sensor composed of histidine-functionalized PDI derivative, graphene 

oxide, and Cu²⁺ [95]. The PCG system operates via the same fluorescence recovery mechanism and is 

capable of detecting PPi in aqueous environments, including physiological conditions and living cells. 

The sensor exhibits high sensitivity with an LDL of 60 nM, attributed to the strong interaction between 

the Cu²⁺-PDI complex and PPi. Additionally, the sensor was adapted for solid-phase applications by 

integrating it with PVA hydrogel films and thin-layer chromatography plates, enhancing its practical 

usability. Sukul further refined this detection strategy by designing PDI–Cu²⁺ aggregates, which display 

sequential fluorescence responses [96]. The addition of Cu²⁺ leads to fluorescence quenching, while 

subsequent PPi binding restores fluorescence. This system demonstrates high selectivity for Cu²⁺ and PPi 

over other phosphate species, including AMP, ADP, and ATP. Notably, the PPi detection can be visually 

observed through a color change in the solution, offering a simple and effective detection method with a 

limit of detection of 0.11 μM. 
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Figure 8. PDI derivatives for biosensing applications. (A) Chemical structure for PDI-34-36 used for the detection 

DNA using fluorescence property form the PDI assemblies. (B) chemical structure for the PDI-37 molecule and 

its working principle for the ATP detection based on turn-on fluorescence. (C-D) represents the chemical structure for 

PDI-38 and a schematic diagram for the detection of Cu2+, and PPi depending on the off-on fluorescence from PDI-38. 

(E-F) chemical structure for PDI-39 and 40 for the detection of Con A. (G) changes in fluorescence spectra of PDI-39 

with ConA. (H) Changes in CD spectrum for PDI-40 with added conA [84,98–100]. 

PDI-cored glycodendrimers 39 and 40 exhibited selective affinity towards Concanavalin A (Con 

A), attributed to the carbohydrate–lectin interactions between the mannose units on the 

glycodendrimers and Con A, which serves as a model lectin (Figure 8E,F) [99,100]. To analyze the 

binding mechanism, fluorescence spectroscopy and circular dichroism (CD) measurements were 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 March 2025 doi:10.20944/preprints202503.0667.v1

https://doi.org/10.20944/preprints202503.0667.v1


 16 of 36 

 

conducted. As illustrated in Figure 8G, increasing the concentration of Con A resulted in a gradual 

reduction in the fluorescence emission of PDI-39. This quenching effect occurs as the PDI backbones 

penetrate the hydrophobic region of Con A, facilitated by hydrogen bonding and hydrophobic 

interactions. Similarly, the addition of PDI-40 led to a decrease in the CD signal of Con A, which 

originates from its β-sheet-rich secondary structure, accompanied by a bathochromic shift (Figure 

8H). The diminished CD signal suggests a loss of secondary structure due to cross-linked complex 

formation. The decline in both fluorescence emission and CD signal intensity confirmed the 

interactions between Con A and glycodendrimers 39 or 40. 

The versatility of PDIs extends beyond just fluorescence; their structures can be modified to 

introduce various chemical functionalities. The incorporation of PDIs into nanomaterials and hybrid 

sensor systems represents an exciting frontier in biosensing applications. The combination of PDIs 

with nanostructured materials can lead to improvements in sensitivity and selectivity. Hao et al 

fabricated an immunosensor using PDI nanowires self-assembled on sensitized In2O3@MgIn2S4 S-

scheme heterojunction platform. This sensor combined with nanostructured electrodes showed 

enhanced electron transfer and more pronounced signal output when detecting biological targets 

such as CA15-3 [101]. A nanosilica functionalized PDI derivative was fabricated by Yadav et al. [102]. 

This material showed good sensing ability towards 4-nitrocatechol, Ru (+3), Cu (+2) with LODs of 

4.34 nM, 0.56 nM, and 0.43 nM, respectively. The material showed a good biosensing capability 

towards brine shrimp having Cu (+2) and Ru (+3). 

5.2. Bioimaging Applications 

Water-soluble PDIs have emerged as promising fluorophores for imaging applications due to 

their strong fluorescence and the ability to operate in the near-infrared (NIR) region. This property 

enhances tissue penetration and minimizes autofluorescence, making them suitable for in vivo 

imaging studies. The development of PDI-based nanoprobes capable of generating fluorescence in 

response to specific biological signals has opened new avenues for real-time cellular imaging.  

5.2.1. PDI Molecules 

Recent research has highlighted the use of PDI derivatives in cell imaging, where their intrinsic 

fluorescence allows for effective visualization of cellular structures and processes [5,6,78]. 

Zimmerman’s group reported a polyglycerol-dendronized PDI-41 with a single biotin for targeted 

fluorescence bioimaging (Figure 9A)[80]. When immobilized on a PEG-passivated surface via biotin–

neutravidin linkages, PDI-41 exhibited strong fluorescence, confirming its specificity. In living E. coli 

cells expressing biotinylated receptors, pre-incubation with streptavidin led to bright fluorescent 

spots on the cell surface, sometimes forming a helical pattern consistent with protein arrangement. 

These findings highlight PDI-41’s potential as a precise bioimaging label and suggest a novel 

biolabeling strategy using a fluorescent core linked to a multivalent periphery for targeting and 

therapeutic applications (Figure 9B). A guanidinium-dendronized PDI-42 was used for imaging 

HeLa cell cytoplasm, showing efficient uptake and accumulation (Figure 9C,D) [103]. Fluorescent 

positively charged dendritic star polymers (PDI-43, PDI-44, and PDI-45, Figure 9E) successfully 

entered living cells, while negatively charged counterparts (PDI-8 and PDI-9) with carboxylic acids 

did not. Confocal microscopy confirmed the cell penetration of PDI-43a as shown in Figure 9F [104]. 

The study found that PDIs with a higher polymer chain density and fewer amino groups entered 

cells more rapidly, whereas those with more amino groups exhibited significant cytotoxicity. 
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Figure 9. Chemical structures of PDI-41-44 for bioimaging applications. (A) Chemical structure and (B) Bright-

field and fluorescence images of E. coli labeled with PDI-41. (C) Chemical structure and (D) Fluorescence 

microscopy images of HeLa cells incubated with PDI-42 for 24 h, showing red fluorescence in the cytoplasm (i) 

and DAPI-stained nuclei (ii). Merged (iii) and brightfield (iv) images highlight ongoing cell division. (E) 

Chemical structures of PDI-42-44 and (F) PDI-43a (red) penetrating ECV-304 cells stained with a green 

fluorescence tracker. [80,103,104]. 

An amphiphilic PG-dendronized PDI-45 was developed as a membrane marker, incorporating 

two alkyl chains to anchor within lipid bilayers (Figure 10A)[105]. In water, PDI-45 formed micellar 

aggregates and remained nearly nonfluorescent. However, upon integration into biological 

membranes, the micelles disassembled, restoring the fluorescence of the perylene core (Figure 10B). 

Cellular studies showed PDI-45 localized in the plasma membrane and Golgi, suggesting uptake via 

endocytosis. Its passive diffusion was confirmed by a lack of colocalization with BODIPY TR methyl 

ester, except in the Golgi (Figure 10C). This makes PG-dendronized PDI-45 a valuable tool for 

tracking PG-bound bioactive compounds in membranes. 

A new series of highly fluorescent and water-soluble tetrapodal PDI dye termed PDI-4Py-n, 

(PDI-46) has been synthesized by Cui et al. (Figure 10D)[106]. These dyes consist of a central 

chromophore core surrounded by four pyridinium groups, which create spatial separation and 

electrostatic repulsion, effectively minimizing chromophore aggregation even in relatively 

concentrated aqueous environments. As a result, PDI-46 maintains strong fluorescence with a high 

photoluminescence quantum yield. Due to their exceptional fluorescence characteristics and 

biocompatibility, one of these dyes has been successfully employed as a lysosome-specific fluorescent 

probe for live-cell imaging (Figure 10E). This work presents a straightforward synthetic strategy for 

producing water-soluble, non-aggregating organic dyes and highlights their significant potential in 

biomedical applications. Yang et al. reported an azetidine substituted PDI derivative with a 

multicolor cell imaging capability (PDI-47) (Figure 10F)[107]. Fine tuning the electron electron 

donating capability of the azetidine at the bay positions a shift in NIR fluorescence with a Stokes 

shifts increasing from 35 to 110 nm with a shift in color from visible to red region. The fabricated dyes 
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showed good cell-permeability and they selectively stained various organelles for multicolor imaging 

of multiple organelles in living cells (Figure 10F). Moreover, the carboxylic acid terminated PDI 

derivative showed in vivo imaging capability for tumor bearing mice (Figure 10F). A water-soluble 

PDI-cyclophane has been developed by incorporating a central PDI chromophore enclosed by two 

cationic molecular straps (PDI-48) (Figure 10G)[108]. This design effectively prevents chromophore 

self-aggregation in aqueous environments by ensuring spatial separation. Consequently, the 

cyclophane is highly suitable for lysosome-specific live-cell imaging and possess excellent 

photothermal effect with antibacterial properties (Figure 10H). 

 

Figure 10. (A) Chemical structure of amphiphilic perylene dye PDI-45 for biological membrane imaging. (B) 

Schematic of self-quenching and monomerization in different environments for PDI-45 dye. (C) Confocal images 

of CHO cells incubated with PDI-45: (i) 10 min incubation labels the plasma membrane, (ii) 25 min incubation 

shows endocytic uptake, with vesicles (yellow arrows) likely trafficking to the Golgi. (iii–v) Costaining with 

BODIPY-TR (red) for intracellular membranes and DAPI (blue) for nuclei shows colocalization at the Golgi 

(yellow). (D-E) PDI-46 structure and fluorescence colocalization with Lyso Tracker Red in RAW 264.7 cells (scale: 25 

μm). (F) PDI-47 structure with tunable NIR emission via azetidine substitutions, confocal imaging in HeLa cells and 

in vivo tumor imaging. (G-H) PDI-48 structure and RAW 264.7 cell imaging application (scale: 5 μm) [105–108]. 

N-Cyclic bay-substituted PDIs have been identified as G-quadruplex ligands capable of 

inducing DNA damage in cancerous cells [109]. Alterations in the terminal groups or variations in 

the side chain length at the imide positions had minimal impact on their binding affinity to the G-

quadruplex structure of the human telomeric sequence. However, modifications in the bay-region, 

including the type and number of substituents, significantly influenced their interaction. When 

transformed human fibroblasts were treated with this PDI, deconvolution microscopy revealed that 

certain damaged sites containing phosphorylated 53BP1, a key DNA damage response protein, co-

localized with TRF1, a marker for interphase telomeres. This led to the formation of telomere-

dysfunction induced foci. These findings suggest that the G-quadruplex targeting PDI functions as a 

telomere inhibitor, highlighting its potential as a selective anticancer agent. 
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5.2.2. PDI Based Nanoparticles  

PDI nanoparticles (PDI-NPs) have been increasingly recognized for their utility in various 

bioimaging modalities. For instance, NIR fluorescence imaging capitalizes on the thermal stability of 

PDIs, enabling efficient imaging with minimal background interference. The development of NIR-II 

fluorescence imaging agents using PDIs has paved the way for deeper tissue penetration, thus 

achieving high-resolution imaging with significant practical applications in diagnosing and 

monitoring cancer therapies.  

Zong et al. prepared PDI-49 NPs with 1,3-di(9H-carbazol-9-yl) benzene as an isolation group for 

controlling the aggregation of parent PDI derivative  (PDI-49) (Figure 11A)[86]. The PDI NPs were 

prepared by nanoprecipitation method using the emulsion matrix as Pluronic F-127 (F127) as shown 

in Figure 11B. These PDI-NPs showed excelled photostability and retained their fluorescence 

intensity up to 79% after irradiating using a continuous laser excitation (450 nm, 100 mW) for 3 h 

(Figure 11C). The morphology of these PDI-49 NPs was analyzed using transmission electron 

microscopy (TEM), while their average hydrodynamic diameter was determined to be approximately 

100 nm through dynamic light scattering (DLS) (Figure 11D). In an aqueous medium, PDI-49-

exhibited a bright deep-red emission with a maximum wavelength at 658 nm and a quantum yield 

(Φ) of 2.37%, as observed from the single-photon fluorescence spectrum. Utilizing three-photon 

excited fluorescence microscopy technology, PDI-49 NPs enable skull imaging of the mouse cerebral 

vasculature (Figure 11E). This approach achieves a remarkable penetration depth of up to 450 μm. 

 

Figure 11. Various PDI-NPs for bioimaging applications. (A) Chemical structure of PDI-49, and (B) formation of 

PDI-49 NPs from PDI-49 after micelle formation using F127. (C) Emission spectra for the PDI-49 NPs after laser 

exposure. (D) represets the TEM and DLS profiles for PDI-49 NPs. (E) A reconstructed 3D image showing the 

distribution of the PDI-49 NPs in blood vessels of the mouse. The scale bar: 100 μm. (F) A schematic for the 

design and development of PDI-tagged amphiphilic PCL block copolymers and their nanoassembly formation 

(PDI-50 NPs) and intracellular enzyme-responsive bio-imaging application [86,110]. 

A biodegradable and enzyme-responsive red fluorescent polycaprolactone (PCL) block 

copolymer, tagged with PDI-50 was developed as a nanoprobe (PDI-50 NPs)for intracellular imaging 

in both normal and cancerous cells (Figure 11F) [110]. The synthesis involved the symmetrical bis-

imidization of PTCDA, yielding a bis-hydroxyl functionalized PDI derivative, which then served as 

an initiator for ring-opening polymerization, achieving up to 40 repeating units. The removal of tert-
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butyl ester groups led to the formation of amphiphilic PDI-CPCLx block copolymers. Due to the self-

assembly of the carboxyl-containing segments, these copolymers formed nanofibrous structures in 

organic solvents and stable spherical nanoparticles (PDI-50 NPs) of approximately 100 nm in 

aqueous media. Additionally, the NPs exhibited a quantum yield (Φ = 0.25–0.30), making them highly 

suitable for bioimaging. Cytotoxicity assessments demonstrated excellent biocompatibility, with the 

PDI-50 NPs accumulating around the perinuclear region of both normal and cancer cells, following 

cellular uptake via the endocytosis pathway (Figure 11F). 

A novel amphiphilic diblock copolymer, was synthesized via RAFT polymerization to address 

the limited NIR emission of water-soluble PDI-based probes [111]. This copolymer exhibited 

enhanced π–π stacking compared to the PDImonomer, leading to a red-shifted emission at 620 nm 

in chloroform. In aqueous solution, stronger π–π interactions promoted self-assembly into uniform 

polymer nanoparticles with an average size of ~65 nm. These nanoparticles demonstrated efficient 

cytoplasmic localization in human pancreatic cancer cells, highlighting their potential for NIR-based 

bioimaging applications. An asymmetric PDI derivative with a hydrophobic tail and a hydrophilic 

zwitterionic head was synthesized using a stepwise amine addition, yielding 12% [112]. It exhibited 

fluorescence at 542 nm with a shoulder at 584 nm, reducing autofluorescence in bioimaging. Due to 

π–π stacking, it self-assembled into nanosized vesicles in water (Ф = 0.1) but remained dispersed in 

DMSO (Ф = 0.67). These vesicles interacted with cell membranes via electrostatic attraction and 

disassembled in the presence of DPPC micelles, enabling intracellular membrane labeling through 

hydrophobic interactions. 

A water-soluble silicon quantum dots-N-propylurea-PDI assembly was prepared by 

Abdelhameed et al. [113]. This quantum dots effectively enabled the fluorescent imaging in HEK293 

and U2OS cells. These 1.6 nm nanoparticles were synthesized by heating PTCDA with 3-

aminopropyl) triethoxysilane, pre-reduced using trisodium citrate dihydrate in glycerol. The Urea- 

soluble silicon quantum dots -PDI exhibited pH sensitivity, with reduced emission at 480 nm in the pH 

range of 2.6–4. Intramolecular hydrogen bonding between the amine hydrogen and diimide oxygen likely 

hindered electron transfer, suggesting energy transfer as the primary cause of emission quenching. 

Ribeiro et al. report the synthesis of highly bright and photostable fluorescent silica 

nanoparticles (SiNPs) with emission in the visible and NIR range [114]. These nanoparticles, ranging 

from 30 to 300 nm in diameter with low size dispersity, incorporate alkoxysilane-modified PDI dyes 

that integrate into the silica structure. The green-emitting (PDI) and NIR-emitting (PDInir) dyes exhibit 

fluorescence quantum yields of 90% and 24%, respectively. HEK293 cells efficiently internalized these 

SiNPs with minimal toxicity, demonstrating exceptional photostability. The NIR-emitting nanoparticles 

are particularly suited for multi-color imaging, even in cells with high fluorescent protein expression or 

co-stained with common fluorophores emitting at lower wavelengths. 

5.2.3. Photoacoustic Based Imaging (PAI) 

The intrinsic properties of PDIs significantly enhance their efficacy as photoacoustic agents (PA). 

The substantial absorption coefficients and fluorescence quantum yields of PDIs allow for effective 

conversion of absorbed light energy into ultrasound signals, making them suitable for high-

resolution imaging of deep tissues. Recent developments have demonstrated that PDI-based 

nanoparticles can serve as highly efficient photoacoustic contrasting agents. 

Fan et al. designed a PDI derivative with tertiary amine group as electron withdrawing and 

diimdie as electron acceptor group for fabricating a NIR absorbing derivative (PDI-51) (Figure 12A) 

[115]. To improve the water solubility DSPE-mPEG-5000 was used as surfactant to form PDI NPs 

with an average size of 48 nm. These NPs showed an NIR absorption of 700 nm, with a molar 

extinction coefficient of 2x108 M-1 cm-1. The as prepared PDI NPs showed excellent photostability, 

serum stabilities as compared with commercial ICG dye for photoacoustic applications. These PDI 

NPs were successfully used to realize a PAI of deep orthotopic brain tumours in mouse models, 

showing that they could act as PA contrast agent for in vivo deep-brain tumors with a simple 

detection using the EPR effect. PA spectra confirmed PDI NP localization in brain tumors. Figure 12B 
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shows strong PA signals at 700 and 735 nm (blue line) two days post-injection, matching the NIR 

absorption peak of PDI NPs and their PA peaks in solution (black line). This differs from pre-injection 

signals (red line), indicating successful tumor accumulation (Figure 12C). The 3D ultrasound (US) 

and PA imaging effectively mapped the spatial distribution of PDI NPs in the tumor. The NPs 

localized near the C6-Fluc cell injection site, demonstrating their high-quality 3D PAI capability for 

tumor imaging. 

A recent study provided the first evidence of using PDI NPs for tracking mesenchymal stromal 

cells (MSCs) (Figure 12D). The key to stabilizing these nanoparticles was the incorporation of a star-

shaped hyperbranched polymer (SHBP) within the PDI-NPs (PDI-52 NPs). Even 11 days after 

injecting MSCs labeled with PDI -52 NPs, a strong PA signal was still detectable, confirming their 

persistence within the cells (Figure 12E). Notably, the study ruled out false positives, demonstrating 

that PDI NPs were not phagocytosed by macrophages following the apoptosis of labeled MSCs. This 

suggests their suitability for long-term cell tracking.  

 

Figure 12. PDI based NPs for photoacoustic imaging. (A) Chemical structure and application of PDI-51 NPs for 

PAI application. (B) The US (grey), PA (green), and their overlay coronal sections of brain tumor model (bottom) 

before and after tail vein injection of 250 μL of 250 nM PDI-51NPs. (C) PA spectra of PDI-51 NPs in aqueous 

solution (black line), the region in red dotted circle of (B) before injection of NPs (red line) and tumor region of 

(B) after 2 d injection of NPs (blue line). (D) Chemical structure for PDI-52, and formulation for PDI-52 NPs. (E) 

MSOT 3D images of a mouse injected with MSCs on days 1 (i), 7 (ii) , and 11 (iii), showing transverse, sagittal, 

and coronal views. Red, yellow, and green circles indicate 1 × 10⁶, 0.5 × 10⁶, and 0.25 × 10⁶ PDI-52 NPs labeled 

cells, respectively. Cell locations are determined by PDI signal intensity after spectral unmixing, with consistent 

length and color scales across images [115,116]. 
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Cui et al. modified cRGD on the PEG surface of PDI NPs to create cRGD-PDI NPs, which 

targeted early thrombus via GPIIb/IIIa [117]. In a mouse thrombus model, these NPs were injected 

and exposed to a 700 nm NIR laser for PAI. The PA signal of early thrombus was four times higher 

than that of older thrombus, allowing clear differentiation. Comparative imaging studies showed 

that US and MRI were ineffective in detecting thrombus formation, whereas PAI provided high 

spatial contrast, revealing vessel morphology and early thrombus. After urokinase injection, the PA 

signal decreased to normal levels. The study also found that PA intensity correlated with NP size and 

concentration, highlighting the need to optimize these factors for effective PAI. 

5.3. PDI NPs for Cellular pH Measurements  

PDI-NPs utilize a pH-sensitive fluorescence response mechanism to monitor the local pH 

environment within cells. The fluorescence intensity of PDI is highly dependent on the local pH, 

where specific changes in pH lead to alterations in the electronic state of the PDI molecule, affecting 

its fluorescence emission. For instance, PDI molecules can exhibit a remarkable fluorescence increase 

in acidic conditions due to the protonation of specific functional groups, which enhances the 

fluorescence quantum yield. This pH-dependent fluorescence response is particularly advantageous 

for monitoring pH variations in cellular compartments, aiding in the understanding of cellular 

processes such as metabolism, apoptosis, and disease progression [118,119]. Ma et al. developed a 

water-soluble pH probe (PDI-53), by introducing four carboxyl lipid chains into the perylene core for 

intracellular pH detection in A549 cells and E. coli (Figure 13A) [120]. The addition of an O− group 

enhanced pH sensitivity through protonation and deprotonation. As pH increased, PDI-53 

deprotonated to PDI-53−, leading to a high negative electrostatic potential in the aromatic nucleus, 

which weakened fluorescence intensity. The probe exhibited a strong fluorescence response with a 

linear relationship in the pH range of 6.9–8.9, enabling quantitative pH measurement. When co-

incubated with E. coli and A549 cells, fluorescence intensity decreased with rising extracellular pH, 

becoming nearly quenched at pH 8.9 (Figure 13B). These findings highlight HPTBAC as a promising 

tool for pH monitoring in living cells. 

A reversible fluorescence pH probe, PDI-54, was recently developed for detecting strong acidic 

conditions by Ye et al. (Figure 13C) [121]. Based on the PET mechanism, its fluorescence intensity 

significantly increased as pH dropped from 4.0 to 2.6 under 555 nm laser irradiation (Figure 13D). 

Additionally, Georgiev et al. found that the internalization of a perylene diimide probe (PDI-55) in 

L929 cells was concentration dependent [93]. At 1.3 μM, the probe successfully penetrated cells, but 

at concentrations above 26 μM, internalization was inhibited, likely due to the formation of micro-

sized aggregates [Figure 13E). 
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Figure 13. PDI based pH sensors. (A) Chemical structure of PDI-53 and its pH-responsive switching mechanism. 

(B) Fluorescence imaging of E. coli stained with 50 mM PDI-53 for 1 hour at pH 6.7 (a–c), 8.0 (d–f), and 8.9 (g–i). 

Images captured in the blue channel (460–490 nm) (a, d, g), green channel (530–590 nm) (b, e, h), and bright field 

(c, f, i). (C) Proposed pH-sensing mechanism of PDI-54. (D) Fluorescence spectral variations of PDI-54 at 

different pH levels, with inset showing color changes under UV light. (E) Chemical structure and pH response 

mechanism of PDI-55. (F) Microscopic visualization of PDI-55 micelles in living L929 cells after 24 h (top) and 

48 h (bottom) incubation at 1.3 µM (i, iii) and 26 µM (ii, iv). Scale bar: 50 µm [93,120,121]. 

5.4. PDI for Drug Delivery and Cancer Therapy 

PDI derivatives exhibits strong self-assembly behavior due to π–π interactions between its 

perylene cores, enhancing NIR absorption and power conversion efficiency with a red-shifted 

absorption. Researchers have explored self-assembled PDI-based nanodrugs for tumor therapy, 

valued for their simplicity, eco-friendliness, high drug-loading capacity, and low toxicity. A common 

approach involves modifying the imide- and bay-regions with hydrophilic functional groups like 
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polymers and photosensitizers to create amphiphilic derivatives [90,122–124]. These derivatives self-

assemble into multifunctional nanocarriers through π–π stacking, hydrogen bonding, and 

hydrophobic interactions. At the tumor site, controlled drug release enhances local drug 

concentration, minimizes systemic toxicity, and enables fluorescence imaging-guided chemotherapy, 

photothermal, and photodynamic therapy, resulting in significant tumor inhibition.  

Yang et al. developed two asymmetric amphiphilic PDI derivatives PDI-56, PDI-57 and created 

self-assembled PDI-58 NPs of sizes 30, 60, 100, and 200 nm by adjusting the initial PDI concentration 

(Figure 14A) [125]. These NPs were used as PA probes and photothermal agents, with size-dependent 

aggregation observed in tumors through PA and PET imaging using [64Cu]-labeling. The study found 

that 60 nm PDI NPs provided the best tumor imaging and treatment efficacy, showing the highest 

tumor accumulation (Figure 14B,C). Under 675 nm irradiation, the tumor temperature rose with 

prolonged exposure (Figure 14D), and after 10 days, the tumor was fully eliminated.  

 

Figure 14. Theragnostic application of PDI derivatives. (A) Design scheme for PDI-58 NPs using self-assembly 

method. (B) Decay-corrected coronal PET images of small animals captured at 1, 6, 24, and 48 hours post-

intravenous injection of PDI-58 NPs of varying sizes, with white arrows indicating U87MG tumors. (C) Merged 

coronal PA and US images of U87MG tumors obtained at 1-, 4-, 12-, and 24-hours following injection of different 

sized PDI-58 NPs. (D) Infrared thermal images of U87MG tumor-bearing mice under 675 nm laser irradiation (1 

W/cm²) at 24 hours post-injection of PBS or PDI-58 NPs. (E) Development and fabrication of PDI-59@TP-SN38 

for multimodal imaging-assisted, light-triggered combined photothermal and chemotherapy. (F) In vivo FL images 

and (G) PA images of U87MG tumor-bearing mice at various time points postinjection of PDI-59 NPs. (H) PET 

imaging for the whole-body tracking of 64Cu-labeled PDI-59 NPs (arrow points at the tumor site) [125,126]. 
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Yang et al. developed a photo-responsive cancer theranostic platform, HMPDI@TP-SN38 (PDI-

59 NPs), using an "in situ skeleton growth" method for precise, on-demand PTT/Chem therapy 

guided by FL/PA/PET imaging [126]. PDI-59 NPS@SN38 were synthesized via co-hydrolysis of 

PEG2000–PDI–silane and silica precursors. Ammonia etching selectively removed the mesoporous 

silica core, forming a hollow PDI shell which was then grafted with thermosensitive polymers. This 

structure enhanced FL/PA signals and improved drug tracking. Upon near-infrared irradiation, PDI 

generated heat, contracting thermosensitive polymer and releasing SN38, minimizing drug leakage 

while increasing loading efficiency. Nanotheranostics integrates diagnosis and therapy into a single 

system, enabling real-time tracking of drug distribution and targeted treatment for personalized 

medicine [127]. In 2018, Chen et al. developed, a pH-sensitive nano-thermosensitive agent using PDI 

derivatives modified with N-methylpiperazine and PEG2000 (PDI-60 NPs) (Figure 15A) [128]. This 

system, incorporating IR825 dye as an internal reference and doxorubicin (DOX), self-assembles 

under neutral conditions via hydrophobic and π–π interactions. In the acidic tumor 

microenvironment, protonation enhances hydrophilicity, deforming NPs at pH 5.5 and triggering 

DOX release (Figure 15B). The ratiometric PAI using IR825 dye precisely monitors pH-responsive 

drug release, optimizing chemotherapy and tumor suppression (Figure 15C,D).  

An asymmetric theranostic nanoparticle (PDI–IR790s–Fe/Pt) was designed to enhance ROS 

generation and enable real-time monitoring of chemotherapy via ratiometric PA imaging [129]. Self-

assembled from a PDI-based cisplatin prodrug, IR790s, and chelated ferric ions, its structure was 

directed by polyphenol–iron coordination, while a PEG chain improved water solubility. The 

prodrug released cisplatin in the tumor microenvironment, triggering oxygen conversion to 

superoxide radicals and H₂O₂ formation. Strong NIR absorption at 680 nm enabled PA imaging, 

allowing real-time tracking of ROS production and therapeutic response at excitation wavelengths of 

680 and 790 nm.  

Ultrasound imaging (USI) is widely used in clinics due to its noninvasiveness, lack of ionizing 

radiation, and affordability. Combining USI with PA imaging enhances spatial resolution and deep-

tissue penetration. Recently, phase-changeable perfluorocarbon nanodroplets have emerged as 

promising ultrasound contrast agents due to their superior tumor vascular permeability. A 

photoacoustic nanodroplet, PS-PDI-PAnD, was developed to stabilize low-boiling-point 

perfluorocarbon droplets, utilizing PDI-PEG-OMe as a photoabsorber and ZnF16Pc as a 

photosensitizer [130]. Designed for amphiphilicity, the PDI shell stabilizes the nanodroplets through 

strong π–π interactions. Upon 671 nm laser irradiation, the PDI shell converts light into heat, 

inducing perfluorocarbon phase transition for enhanced USI and a photothermal effect. 

Simultaneously, ZnF16Pc generates cytotoxic singlet oxygen (¹O₂), boosting the PDT effect. 

A semiconducting-plasmonic nanovesicle, Au@PPDI/PEG, was developed through the self-

assembly of semiconducting poly(PDI) (PPDI) and PEG-tethered gold nanoparticles [123]. This 

nonconjugated polymer with pendant PDI units was synthesized via post-polymerization 

modification. The precursor copolymer, made from styrene and poly(pentafluorophenyl acrylate) 

was prepared using ATRP with DTBE as an initiator. Gold nanoparticles (AuNPs) were introduced 

via disulfide functionality, forming covalent Au-S bonds on their surface. Featuring strong NIR 

absorption, the plasmonic coupling of AuNPs enhanced light absorption and PA signal of PPDI. In 

vivo studies confirmed its potential as a high-resolution tumor imaging probe with improved 

photothermal efficiency for cancer theranostics. A supramolecular drug delivery system was 

developed using two oppositely charged components: a fluorescent star polycation (PDI-61) 

conjugated to camptothecin via a reduction-responsive bond and an anionic copolymer (P2) (Figure 

15E) [131]. Their interaction formed a stable complex (PDI-61@P2) that accumulated at tumor sites 

via the EPR effect. In the acidic tumor microenvironment, bond cleavage triggered charge conversion 

and complex disassembly, enhancing cellular uptake. The “proton sponge” effect facilitated prodrug 

release, followed by disulfide-bond cleavage in response to glutathione (GSH), ultimately releasing 

the drug camptothecin into the nucleus to induce cancer cell apoptosis (Figure 15F). This system 
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exhibited superior tumor inhibition compared to free camptothecin, highlighting its therapeutic 

potential (Figure 15G). 

 

Figure 15. PDI derivatives for cancer treatment. (A) A schematic representation for the formation of PDI-60 NPs 

and their mechanism for DOX release with pH changes. (B) change in the size of PDI-60 NPs with varying pH 

conditions. (C) In vivo photoacoustic images for a subcutaneous U87MG tumor in a nude mouse after 

intravenous administration of the PDI-60 NPs at various time intervals. (D) Tumor growth in the U87MG tumor 

mice with PDI-60 NPs with various controls. ***, P < 0.001. (E-F) Formation of PDI-61@P2 assembly and the 

mechanism of release for camptothecin with GSH. (G) Photographs of tumors after different treatments on the 

12th day [128,131]. 

Li et al. developed triphenylamine-perylene diimide conjugate-based nanoparticles for 

photoacoustic imaging and cancer phototherapy [132]. The NPs were prepared via nanoprecipitation 

and the NPs exhibited good water dispersibility with an average size of ~70 nm with a strong NIR 
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absorption. The NPs showed a high photothermal conversion efficiency up to 46.1%. Under 635 nm 

laser irradiation, they generated strong photoacoustic signals and induced reactive oxygen species in 

aqueous solutions and cancer cells. MTT assays confirmed their biocompatibility and potent 

photocytotoxicity, making these NPs a promising for photoacoustic imaging and 

photothermal/photodynamic therapy. 

Using the mixed imide–anhydride intermediate, a luminescent rhenium(I)–polypyridine 

complexes conjugated with PDI moiety was fabricated recently [133]. The PDI moiety is attached to 

the rhenium complex via a disulfide bond. This linker prevents direct electronic interaction while 

enabling thiol-sensitive redox activity for drug delivery. The interaction between the metal complex 

and fluorescent units facilitates FRET and find applications in bioimaging, sensing, and photocytotoxicity. 

Notably, the complex showed high singlet oxygen generation under 365 nm irradiation, effectively killing 

HeLa cancer cells, highlighting its potential as a photodynamic therapeutic agent. 

Synergistic photodynamic therapy and photothermal therapy can enhance treatment efficacy; 

however, conventional PDT/PTT agents require activation at two different laser wavelengths, 

complicating the process and extending treatment time [134,135]. To address this, in 2018, Fan et al. 

developed a novel photosensitizer (PDS-PDI), from 2-(Dimethylamino) ethyl methacrylate and PDI, 

through atom transfer radical polymerization [136]. This amphiphilic polymer, modified with 

sulfonic acid, exhibited high photothermal conversion and efficient singlet oxygen generation (16.7%) 

under a single 660 nm wavelength, making it suitable for combined PDT/PTT therapy. Injectable 

hydrogels are a promising localized drug delivery system due to their minimally invasive application 

and precise drug release at tumor sites, reducing systemic toxicity. In a subsequent study, the same 

research team introduced a dynamic covalent hydrogel (GelPV-DOX-DBNP) containing PDS-PDI, 

ascorbic acid (Vc), the chemotherapy drug doxorubicin (DOX), and photothermal nanoparticles [137]. 

Upon 660 nm light exposure, singlet oxygen from PDS-PDI was converted into hydrogen peroxide 

by Vc, breaking the hydrogel’s dynamic covalent bonds. Concurrently, the hydrogel transformed into 

a liquid with increasing temperature, accelerating the release of DOX and photothermal 

nanoparticles, demonstrating an effective PTT/chemotherapy combination approach. 

Heavy-metal-based PDT materials enhance ISC by generating triplet excitons that facilitate ROS 

production via type I and/or type II processes [138]. However, their potential toxicity raises health 

concerns. In contrast, metal-free organic materials are more biocompatible but typically yield lower 

ROS levels. Recently, sulfur-containing compounds have gained attention due to their potential 

biocompatibility. Sulfur, being slightly heavier than oxygen, promotes ISC and triplet exciton 

formation via the n-π* transition. Dithionated PDIs, specifically trans-isomer PDI-TS and cis-isomer 

PDI-CS, were synthesized using Lawesson’s reagent, albeit with low yields of 5.5% and 10.9%, 

respectively [139]. These thiono-PDIs exhibit red-shifted absorption in the NIR region [140]. 

Nanoprecipitation produced PDI-CS and PDI-TS nanoparticles of approximately 55 nm, a size 

suitable for tumour targeting via the EPR effect. UV-Vis spectra revealed absorption peaks between 

500–700 nm in THF, indicating a nonaggregated state. In water, PDI-TS NPs showed weak absorption 

around 560 nm with a new peak at 660 nm, suggesting π–π interactions. Upon 660 nm light 

irradiation, PDI-TS NPs exhibited strong photothermal effects in A549 cells, achieving a 

photothermal conversion efficiency of 58.4%, compared to 41.6% for PDI-CS NPs. Additionally, PDI-

TS NPs generated ROS under laser exposure and demonstrated tumour growth inhibition, 

highlighting their potential for cancer therapy. This strategy was recently applied to thiono-PDI 

derivatives containing one to four sulfur atoms, including 1S-PDI-D, 2S-cis-PDI-D, 2S-trans-PDI-D, 

3S-PDI-D, and 4S-PDI-D. Notably, increasing sulfur substitution shifted the maximum absorption 

into the NIR region while enhancing the molar extinction coefficient. These compounds are non-

emissive in common organic solvents, likely due to rapid ISC quenching fluorescence. However, they 

exhibited strong two-photon absorption. 

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 March 2025 doi:10.20944/preprints202503.0667.v1

https://doi.org/10.20944/preprints202503.0667.v1


 28 of 36 

 

6. Conclusions 

In conclusion, perylene diimide (PDI) derivatives have emerged as pivotal players in the realm 

of biomedical applications, thanks to their remarkable photophysical properties and versatility in 

functionalization. Their exceptional fluorescence characteristics facilitate advancements in 

bioimaging, allowing for high-resolution visualization of biological processes and improved 

diagnostic capabilities. Moreover, the ability of PDI-based materials to be engineered for targeted 

drug delivery systems enhances the therapeutic potential of various substances while minimizing 

adverse effects. The involvement of PDI in photodynamic therapy (PDT) and photothermal therapy (PTT) 

illustrates its dual function as both a therapeutic agent and an imaging marker, offering innovative 

strategies for cancer treatment that combine diagnosis and therapy in a synergistic manner.  

7. Future Directions 

As we look to the future, several directions for research and development involving PDI can be 

envisaged. First, the continuous exploration of novel synthesis strategies to enhance the water 

solubility and biocompatibility of PDI derivatives will be crucial. This advancement will likely 

facilitate their incorporation into biological systems and further expand their applications in complex 

biological environments. Additionally, investigating the integration of PDI with emerging 

nanotechnologies could lead to even greater efficiencies in drug delivery systems, particularly 

through the development of smart nanoparticles capable of responding to environmental stimuli.  

Furthermore, the exploration of new composite materials that marry PDI with other functional 

biomolecules or therapeutic agents could catalyze breakthroughs in targeted therapy, harnessing 

synergetic effects to enhance efficacy while reducing potential side effects. Lastly, clinical trials and 

translational research are essential to validate the safety and effectiveness of PDI-derived compounds 

in real-world applications. With these future directions, the full potential of perylene diimide in 

biomedical contexts can be realized, paving the way for innovative diagnostic and therapeutic 

solutions for various diseases, including cancer. 
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