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Photoresponsive biomaterials have garnered increasing attention due to their ability to dynamically regulate

biological interactions and cellular behaviors in response to light. Photoresponsive biomaterials are created by

integrating photoresponsive molecules, such as spiropyrans, azobenzenes, hydrazones, and diarylethenes, into

biomaterials like hydrogels, nanoparticles, or scaffolds. 
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1. Introduction

Stimuli-responsive molecules, which an external stimulus can manipulate, have recently received considerable

interest. The use of light as a stimulus is fascinating for its precise spatiotemporal control and non-destructive

nature, as the intensity and wavelength can be easily regulated . Light-responsive molecules, also known as

photoresponsive molecules, are a class of compounds that undergo reversible or irreversible structural changes

upon exposure to light. The changes in their structure can alter their physical or chemical properties, such as

solubility, polarity, or reactivity. This ability to respond to light has made light-responsive molecules an attractive

area of research in many fields, including chemistry, materials science, and biology . When chromophores are

irradiated with light of a specific wavelength, they can undergo a reversible or irreversible conversion between

isomeric forms or ring-opening/closure. One of the most studied types of light-responsive molecules is

azobenzene. Azobenzene has a unique structure consisting of two benzene rings connected by a central nitrogen–

nitrogen bond. When exposed to UV light, azobenzene undergoes a reversible trans-cis isomerization, changing

from a planar to a bent conformation. The cis form reverts to the trans form upon exposure to visible light or heat.

This reversible photoisomerization has led to the development of many applications, such as molecular switches,

sensors, and photoresponsive materials. Among photoswitches, azobenzenes, and their heteroaromatic analogs,

like stilbenes and hydrazones, undergo double-bond isomerization. Diarylethenes undergo cyclization; spiropyrans

follow a mixed mechanism, as they experience electrocyclization first and then trans-cis isomerization (Figure 1) 

. Spiropyran has a unique structure consisting of two rings connected by a single carbon atom. The two rings

are typically a benzene ring and a pyran ring, giving the molecule a bicyclic structure. The spiropyran group is

sensitive to UV light; it can be converted from its closed, non-polar form (spiropyran, SP) to its open, polar form

(merocyanine, MC) when exposed to the light of a certain wavelength (Figure 1). This ring-opening reaction is

reversible and can be triggered by visible light or heat, leading to the development of photochromic materials and

sensors. Diarylethene molecules are compounds that have been discovered relatively recently, and they possess a

distinctive characteristic of transitioning from colorless to red when exposed to light. Diarylethene compounds

provide several advantages, such as excellent thermal stability and high quantum yield for both their isomers. Due
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to these properties, they are well-suited for application in photoresponsive materials, exhibiting robust

performance.

Figure 1. Chemical structures of the most used photoresponsive molecules.

Many of these molecules exhibit positive photochromism (P-type), whereby the photochemically induced species

has an absorption maximum λ  (metastable) that is shifted to longer wavelengths (bathochromic shift) compared

to λ  (stable). However, if the initial photoisomer undergoes a decolorization (bleaching) during

photoisomerization, and λ  (stable) is greater than λ  (metastable), then the molecule displays negative or

inverse photochromism (T-type) . When inserted into a polymeric matrix, the conversion of photochromic

molecules modifies the properties of the polymer, such as polarity, hydrophilicity, solubility, or electrical and optical

properties.

Photoresponsive biomaterials are created by integrating photoresponsive molecules, such as spiropyrans,

azobenzenes, hydrazones, and diarylethenes, into biomaterials like hydrogels, nanoparticles, or scaffolds. This

development has the potential to revolutionize biomedicine by enabling new approaches to drug delivery, tissue

engineering, and imaging. These materials can be controlled and manipulated using light, making them an

increasingly prominent part of biomedical research in fields like tissue engineering, dynamic hydrogels for cell

encapsulation, controlled drug delivery, biosensors, and microdevices . Additionally, photoresponsive

biomaterials are versatile platforms for various biomedical applications because they can be engineered and

designed with specific properties and functionalities.

2. Azobenzene Photoswitches

Thanks to its simple molecular structure and unique characteristics, azobenzene (AB) has probably been the most

studied photoswitches since its reversible isomerization was first reported about eight decades ago . When the

trans isomer, which is thermodynamically stable, is exposed to UV light (λ ≈ 365 nm), it isomerizes into the cis
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form. The latter isomer is metastable, i.e., spontaneously returning to the trans form once the UV source is

removed. The return to the trans form can be significantly accelerated by heating or exposure to visible light (λ ≈

430 nm) . Moreover, they proceed with high quantum yields and are completely reversible. The most important

aspect is that the two isomers differ significantly in their geometries and electronic properties, making AB an

attractive component for the design of photoswitchable materials . Some materials containing AB can convert

light into mechanical energy due to the change in molecular geometry that occurs during AB isomerization.

Additionally, the molecule’s polarity undergoes a significant change as lone electron pairs on the nitrogen atoms

take on opposite orientations in the trans configuration, resulting in a non-polar molecule. On the other hand, in the

cis isomer, the lone electron pairs arrange themselves in a way that increases the molecule’s dipole moment,

typically ranging from 3.1–4.4 D compared to 0–1.2 D in the trans configuration (Figure 2) .

Figure 2. Photoisomerization process of azobenzene. Lone electron pairs on the nitrogen atoms are evidenced.

This image has been realized with the IboView program .

Several studies have reported the synthesis of azobenzenes and their derivatives for potential use in biomedical

applications due to their various biological properties, ranging from antioxidant, antiviral, and antimicrobial to

antitumor and antidiabetic . Introducing these molecules into polymer matrices has resulted in the

development of intelligent biomaterials, known as ‘smart’ materials. These materials can respond to light energy

and cause large-scale changes or can utilize isomerization to provide intrinsic activities, such as antibacterial

properties .

3. Hydrazone Photoswitches

Hydrazones are organic compounds that contain a carbon–nitrogen double bond (C=N) that links a hydrazine

functional group (-NHNH ). They can be considered derivatives of hydrazine (H NNH ) in which one of the

hydrogen atoms has been replaced by a carbonyl group (C=O). Hydrazones can be synthesized by the

condensation reaction of a hydrazine derivative with a carbonyl compound such as an aldehyde or a ketone. This

reaction is typically catalyzed by an acid catalyst, such as hydrochloric acid or sulfuric acid . Hydrazones have a
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wide range of applications, including as intermediates in the synthesis of pharmaceuticals, as ligands in

coordination chemistry, and as chromogenic and fluorogenic sensors for various analytes . They also exhibit

biological activities, such as antitumor, antimicrobial, and antiviral properties. Hydrazones can undergo trans-to-cis

isomerization of the C=N bond upon light exposure (Figure 3).

Figure 3. Chemical structure and photoisomerization process of hydrazone molecule.

Hydrazones also undergo photochromism, the reversible change of color or absorbance upon irradiation with light.

The photochromic behavior of hydrazones is typically attributed to the formation of a tautomeric form upon

photoisomerization, which has a different absorption spectrum than the original form. The tautomeric form can then

revert to the original state upon removal of the light source. As a result, hydrazone photoswitches have been

adopted in various adaptive materials, such as liquid crystals, hydrogels, actuating polymers, and nanoparticles for

drug release .

4. Diarylethene Photoswitches

Diarylethene molecules (DAE) are a relatively recent class of compounds with the unique property of changing

color from colorless to red. They belong to the P-type photochromic molecules, which are photochemically

reversible but thermally irreversible . This means that once the photogenerated right-side isomers are formed,

they are highly stable and do not easily revert to the left-side isomers in the dark at room temperature (Figure 4).

Diarylethenes are derived from stilbene, featuring five-membered heterocyclic rings, such as thiophene or furan

rings, in place of the phenyl rings found in stilbene. These modifications increase thermal stability for both the open
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and closed-ring isomers, making diarylethenes highly suitable for repeated cycles of coloration and discoloration

.

Figure 4. Chemical structures of open- and closed-ring isomers of diarylethene molecule and their properties.

Diarylethenes offer several benefits, including a high quantum yield and excellent thermal stability for both isomers.

These qualities make them ideal for photoresponsive materials, as they exhibit strong performance. One area

where they have been particularly useful is in supramolecular systems, where they can regulate photoresponsive

assembly, induce morphological alterations, and trigger the gel-to-sol transition .

5. Spiropyran Photoswitches

Spiropyran is a photochromic molecule that exhibits reversible changes in color or optical properties upon

exposure to light of specific wavelengths. Spiropyran molecules typically exist in two forms: a colorless, non-planar,

closed-ring form and a colored, planar, open-ring form. When exposed to ultraviolet (UV) light or visible light of a

specific wavelength, spiropyran molecules undergo a photoisomerization reaction, transforming the non-planar,

colorless form into the planar, colored form (Figure 5) . The photoisomerization process involves breaking a

carbon-oxygen bond in the spiro ring and forming a new carbon-carbon bond. This leads to a significant change in

molecular geometry and electronic structure. The colored form of spiropyran (SP) is called merocyanine (MC),

which absorbs light in the visible region and has a distinct color depending on the substituents on the molecule.

Upon exposure to light of a different wavelength, the merocyanine form can undergo a reverse reaction, or thermal

relaxation, to convert back to the spiropyran form .
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Figure 5. Spiropyran photoisomerization process and isomers characteristics.

The photoresponsive effect of spiropyran has numerous potential applications in areas such as photochromic

materials, optical storage, photonic devices, sensors, and actuators. For example, spiropyran-based materials can

be used as reversible optical switches or sensors, as the color change can be used to indicate the presence or

absence of a particular stimulus. In addition, spiropyran can be incorporated into polymers, films, or surfaces to

create photoresponsive coatings that can be tuned to respond to specific wavelengths of light . Spiropyran-

based compounds have been studied extensively for their potential use in biomaterials due to their reversible

photochromic properties, biocompatibility, and ease of functionalization .
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