
RESEARCH ARTICLE    

1 

 

Hydrophobic NIR Photocatalysts for High-Throughput Aqueous 

RAFT Polymerization: Achieving Ultrahigh Molecular Weights with 

4-ppm Dye Colloids 

Ruoyu Li,[a] Steven P. Armes,[c] and Zesheng An*[a,b]  

[a] Dr. R. Li, Prof. Z. An 

State Key Laboratory of Supramolecular Structure and Materials 

College of Chemistry, Jilin University 

Changchun, China 

E-mail: anzesheng@jlu.edu.cn 

[b] Prof. Z. An 

Key Laboratory for Molecular Enzymology and Engineering of Ministry of Education 

School of Life Sciences, Jilin University 

Changchun, China 

[c] Prof. S. P. Armes 

School of Mathematical and Physical Sciences 

University of Sheffield 

Sheffield, South Yorkshire, S3 7HF, UK 

 

 Supporting information for this article is given via a link at the end of the document. 

 
Abstract: Near-infrared (NIR) photocontrolled radical polymerization 

offers the opportunity to combine NIR’s deep-tissue penetration and 

biocompatibility with the precision and versatility afforded by 

controlled polymerization. However, its development is hindered by 

the scarcity of water-soluble NIR photocatalysts. Moreover, only 

relatively low molecular weights have been achieved to date. To 

overcome these limitations, we have prepared colloidal NIR 

photocatalysts to conduct efficient reversible addition-fragmentation 

chain transfer (RAFT) polymerization in aqueous media. Combined 

with glucose oxidase for in situ degassing and H2O2 generation, such 

NIR dye particles photosensitize H2O2 to produce a controlled flux of 

hydroxyl radicals. This novel enzyme-NIR strategy enables high-

throughput RAFT polymerization of various vinyl monomers with 

excellent control. Notably, ultrahigh molecular weight (Mn > 1,000 kg 

mol−1) homopolymers can be obtained for polymerizations conducted 

through an opaque biological barrier at ultralow photocatalyst loadings 

(4 ppm). Thus such enzyme-NIR formulations enable precision 

polymer syntheses even in physiologically relevant environments. 

Introduction 

Reversible deactivation radical polymerization (RDRP) enables 

precise control over molecular weight, dispersity (Ð), topology, 

sequence, and end-group functionality, which are essential for 

tailoring advanced biomaterials, nanomedicines, and functional 

devices.[1] Photo-mediated RDRP has emerged as a powerful and 

rapidly evolving subset of these techniques, leveraging light as a 

clean energy source to achieve spatiotemporal control under mild 

conditions.[2] However, conventional photo-mediated RDRP 

predominately employs either UV or short-wavelength visible light. 

These wavelengths often induce undesirable side reactions, offer 

limited biocompatibility, and provide poor penetration through 

biological media.[3] 

Near-infrared (NIR) light offers a promising alternative to 

circumvent these limitations. In particular, its longer wavelength 

enables significantly deeper penetration through biological 

tissues while minimizing photo-damage and side reactions due to 

its lower photon energy.[4] The potential of NIR light has been 

demonstrated for various applications including biomedical 

imaging, photothermal therapy, drug release, and environmental 

sensing.[5] Given its distinctive characteristics, NIR 

photocontrolled RDRP has attracted significant interest for the 

preparation of biocompatible polymers, self-healing hydrogels, 

and polymer nanoparticles in biologically relevant environments 

such as aqueous solution or beneath biological tissues.[6]  

Due to its environmental friendliness and biocompatibility, NIR-

mediated aqeuous RDRP has recently attracted great research 

interest. For example, Qiao et al. reported NIR-mediated 

reversible addition−fragmentation chain transfer (RAFT) 

polymerization in water using a self-assembled carboxylated 

porphyrin as a photocatalyst.[7] Boyer et al. utilized water-soluble 

tetrasulfonated zinc phthalocyanine for NIR photosensitization of 

H2O2 to initiate RAFT polymerization.[6g, 8] Zhang and Cheng 

recently synthesized a series of water-soluble zinc 

phthalocyanine NIR photocatalysts for RAFT polymerization.[9] 

Matyjaszewski and co-workers established an oxygen-tolerant 

aqueous atom transfer radical polymerization (ATRP) formulation 

suitable for either red light or NIR irradiation, employing a dual 

catalytic system comprising methylene blue and Cu for high-

throughput open-air synthesis.[10] Nevertheless, current NIR-

mediated aqueous polymerization protocols still suffer from 

complex photocatalyst synthesis, limited catalyst activity, and 

restricted access to high molecular weights.[6f, 11] The low NIR 

photon energy typically results in low polymerization efficiency 

and requires high photocatalyst loadings (> 20 ppm).[12] 

Herein, we report the use of hydrophobic NIR photocatalysts as 

colloidally stable particles for efficient aqueous RAFT 

polymerization, yielding a series of well-defined homopolymers 

with low dispersities over broad molecular weight ranges. 

Hydrophobic NIR photocatalysts are dispersed in water using a 

non-ionic surfactant to form stable colloidal particles (Scheme 1a). 

When combined with glucose oxidase (GOx) for in situ oxygen 

scavenging and H2O2 generation, these photocatalyst particles 

efficiently photosensitize H2O2 to produce a controlled flux of 

hydroxyl radicals. This enables oxygen-tolerant, high-throughput 
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RAFT polymerization to be conducted under NIR irradiation in 

microtiter plates (Scheme 1b). Remarkably, this enzyme-NIR 

system enables ultrahigh molecular weight (UHMW) to be 

achieved even when polymerization is conducted through a 

biological barrier (porcine tissue), demonstrating unprecedented 

NIR penetration and efficiency. 

 

Scheme 1. a) Schematic representation of surfactant-dispersed hydrophobic photocatalysts in water and chemical structures of the non-ionic surfactant (Brij 98) 
and photocatalysts. b) Schematic representation of enzyme-NIR cascade for RAFT polymerization. Glucose oxidase (GOx) catalysis converts oxygen into H2O2, 
which is in situ photosensitized by NIR photocatalyst particles to produce hydroxyl radicals, thus initiating controlled aqueous RAFT polymerization.   

Results and Discussion 

Construction of Enzyme-NIR cascade catalysis   

 

Figure 1. a) Visible absorption and b) fluorescence spectra (excitation wavelength = 635 nm) recorded for ZnPc in the absence or presence of Brij 98 in phosphate 
buffer (0.2 M, pH 5.7). c) TEM micrograph of Brij 98-stabilized ZnPc particles. 

To enable efficient aqueous RAFT polymerization, the 

hydrophobic NIR photocatalyst was dispersed in water using a 

suitable surfactant as colloidally stable particles.[13] Initially, zinc 

phthalocyanine (ZnPc) was selected as a representative 

hydrophobic photocatalyst for its well-known capacity to 

photosensitize peroxides and hence generate radical species 

under NIR light irradiation.[14] A widely used nonionic surfactant, 

Brij 98, was selected owing to its ready availability and excellent 

biocompatibility.[15] First, we studied the stabilization effect of Brij 

98 on ZnPc. Colloidal particles were prepared by dissolving the 

hydrophobic photocatalyst and Brij 98 in DMF, followed by 

addition of this DMF solution to phosphate buffer (0.2 M, pH 5.7), 
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yielding a light-blue transparent colloidal dispersion (see 

Supporting Information for further details). 

The absorption spectra for ZnPc in phosphate buffer (0.2 M, pH 

5.7) were recorded in the absence and presence of Brij 98 (Figure 

1a). In the absence of Brij 98, the water-insoluble ZnPc exists as 

a relatively coarse suspension even after sonication: intense light 

scattering from such macroscopic ZnPc aggregates leads to a 

broad, featureless absorption spectrum. Conversely, the 

microscopic ZnPc aggregates obtained in the presence of Brij 98 

scatter much less light: a well-defined absorption band is 

observed in the absorption spectrum at 675 nm along with 

additional vibronic features. Furthermore, an intense fluorescence 

ZnPc signal at 678 nm is only obtained in the presence of Brij 98 

(Figure 1b). These results indicate that Brij 98 acts as an effective 

surfactant/dispersant for ZnPc with the resulting relatively small 

particles potentially enabling enhanced photocatalytic 

performance. Transmission electron microscopy (TEM) studies 

(Figure 1c) revealed well-dispersed spherical particles with a 

mean diameter of 363 ± 47 nm (based on the analysis of 50 

particles).  

 

Figure 2. a) Competitive utilization of 3O2 by photosensitization vs. enzymatic catalysis. b−d) Detection of 1O2 using 3,3′-(anthracene-9,10-diyl) dipropanoic acid 
(ADPA) as a probe: UV-visible absorption spectra recorded for ADPA using various formulations. e) Evolution of 3O2 concentration in the solution. f) Mechanism of 
hydroxyl radical trapping by CCA for fluoresence detection. g−h) Fluorescence spectra of CCA-hydroxyl radical adduct recorded after irradiation for different times 
(excitation wavelength = 370 nm). Test conditions: [ADPA] = 0.2 mM, [ZnPc] = 12 μM, [Brij 98] = 0 or 10 mg mL−1, [GOx] = 150 U mL−1, [glucose] = 0 or 20 mM, 

phosphate buffer (0.2 M, pH 5.7), NIR light (λmax = 730 nm; I = 140 mW cm−2), [CCA] = 1 mM. 

To construct the enzyme-NIR cascade, we opted to utilize GOx 

for oxygen scavenging and H2O2 generation owing to its high 

stability and efficiency.[16] However, the triplet excited state of 

ZnPc (3ZnPc*) is also capable of undergoing triplet–triplet 

annihilation (TTA), converting triplet oxygen (3O2) into singlet 

oxygen (1O2). Hence there are two possible pathways for 3O2 

consumption for this system: enzymatic catalysis and 

photosensitization (Figure 2a). To differentiate between these two 

pathways, 3,3′-(anthracene-9,10-diyl) dipropanoic acid (ADPA) 

was used as a specific probe for 1O2 detection by UV-visible 

absorption spectroscopy (Figure S1).[17] When a system 

containing just ZnPc and GOx (i.e., no Brij 98 surfactant) was 

irradiated with NIR light (λmax = 730 nm), no change in the ADPA 

spectrum was observed over a 30 min period (Figure 2b), 

indicating that no 1O2 was produced. This suggests that the 

insoluble ZnPc in aqueous solution impairs its ability to 

photosensitize 3O2. In contrast, the absorption of ADPA at 

325−425 nm is significantly reduced when employing Brij 98-

stabilized ZnPc particles in the presence of GOx (Figure 2c). This 

indicates that Brij 98-stabilized ZnPc particles maintained the 

ability for 3O2 photosensitization. However, addition of glucose to 

this latter formulation resulted in no detectable 1O2 production 

(Figure 2d), suggesting that GOx deoxygenation is the 

predominant 3O2 consumption pathway compared to ZnPc 

photosensitization. Indeed, using an online detection oxygen 

sensor to monitor the aqueous solution revealed that 3O2 was 

almost fully consumed by GOx within approximately 5 seconds 

(Figure 2e). 

This rapid GOx deoxygenation produces H2O2, which is 

subsequently used to generate hydroxyl radicals via ZnPc 

photosensitization. The latter reaction was monitored by 

fluorescence spectroscopy using coumarin-3-carboxylic acid 

(CCA) as a specific probe for hydroxyl radicals (Figure 2f).[18] As 

expected, the macroscopic ZnPc aggregates did not generate any 

hydroxyl radicals, as evidenced by Figure 2g. In contrast, the 

microscopic Brij 98-stabilized ZnPc particles produced strong 

fluorescence when irradiated with NIR light (Figure 2h). This 

suggests that Brij 98-stabilized ZnPc particles are effective 

photosensitizers for the conversion of H2O2 into hydroxyl radicals. 

In principle, such an enzyme-NIR cascade could be potentially 

employed for RAFT polymerization in aqueous media. 

 

High-throughput RAFT polymerizations using ZnPc particles 

 

After establishing the enzyme-NIR cascade catalysis reactions, 

we applied this system to aqueous RAFT polymerization (Figures 

3 and S2). The remarkable deoxygenation capacity of GOx allows 

high-throughput RAFT polymerization to be conducted under 
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benchtop conditions, facilitating reaction optimization with 

minimal materials consumption.[19] N,N-Dimethylacrylamide 

(DMA) and 4-((((2-carboxyethyl)thio)carbonothioyl)thio)-4-

cyanopentanoic acid (CTPA) were selected as the representative 

monomer and RAFT agent owing to their matched reactivities and 

high solubility in phosphate buffer. 

When targeting a degree of polymerization (DP) of 500 using 

the macroscopic ZnPc aggregates, only 14% DMA conversion 

was achieved after NIR light irradiation for 12 h (Table S1, #1). In 

contrast, 58% DMA conversion was obtained under the same 

conditions when using the microscopic ZnPc particles (Brij 98 = 

10 mg mL−1). Because Brij 98 plays a crucial role in producing 

such microscopic particles, we examined the effect of Brij 98 

concentration on the polymerization kinetics (Figure 3a; Tables 

S3−S6). Pseudo-first order kinetics were observed for the 

polymerizations conducted in the presence of Brij 98. On doubling 

this surfactant’s concentration from 5 to 10 mg mL−1, the apparent 

propagation constant (kp
app) increased from 0.077 to 0.085 h−1 at 

70 mW cm−2. Increasing the light intensity from 70 mW cm−2 to 

140 mW cm−2 led to a further rate enhancement (kp
app = 0.119 h−1). 

However, using a Brij 98 concentration of 20 mg mL−1 did not lead 

to a faster rate of polymerization at 140 mW cm−2 (kp
app = 0.120 

h−1), despite higher Brij 98 concentrations leading to stronger light 

absorption by ZnPc particles (Figure S14). In this case, H2O2 

production by slow oxygen diffusion from the headspace became 

the rate-limiting step when sufficiently high Brij 98 concentration 

was used to improve the ZnPc light absorption efficiency. 

Remarkably, GPC analysis confirmed that the molecular 

weights were close to the theoretical values while dispersities 

were relatively low in all cases (Ð < 1.2), see Figures S7, S9, S11 

and S13. It is also worth emphasizing that RAFT control was not 

adversely affected by the presence of Brij 98. Importantly, control 

experiments conducted in the absence of any ZnPc confirmed 

that neither NIR illumination nor Brij 98 were able to initiate 

background polymerization (Figure 3a, gray line; Table S7, Figure 

S15). 

 

Figure 3. High-throughput RAFT polymerization conducted in a 96-well plate using enzyme-NIR cascade catalysis. a) Polymerization kinetics data for DMA obtained 
under various conditions. b) Summary of molecular weights and dispersities for the various target polymers. Polymerization conditions: 300 μL, [monomer] = 30% 

w/v, [GOx] = 150 U mL−1, [glucose] = 20 mM, [ZnPc] = 0 or 4 ppm, [Brij 98] = 5−20 mg mL−1, NIR light (λmax = 730 nm).

To illustrate the capacity of the enzyme-NIR system for the 

high-throughput synthesis of well-defined polymers, a library of 

polymers based on four different vinyl monomers was prepared in 

96-well plates (Figure 3b) with moderate (53%) to high (89%) 

conversions (Table S8) when targeting various molecular weights. 

For example, DMA polymerizations performed when targeting 

DPs of 1,000−20,000 yielded low-dispersity polymers with 

molecular weights ranging from 50.0 to 918 kg mol−1. Moreover, 

such homopolymers could be obtained at remarkably low 

photocatalyst loadings (4 ppm). A kinetic study conducted for a 

DMA polymerization when targeting a DP of 15,000 revealed a  

pseudo-first-order kinetic plot and a well-controlled RAFT process, 

as evidenced by low dispersities and the close match between 

experimental and theoretical molecular weights (Table S9, 

Figures S17−S18). N-Acryloylmorpholine (NAM), poly(ethylene 

glycol) methyl ether acrylate (PEGA, Mn = 480 g mol−1), and 

poly(ethylene glycol) methyl ether methacrylate (PEGMA, Mn = 

500 g mol−1) were also evaluated under the similar conditions, 

yielding low-dispersity homopolymers (Ð ≤ 1.25) along with 

predictable molecular weights (Figure S16). 

Next, we extended this new method to block copolymer 

syntheses in order to examine chain-end fidelity. Two pseudo-

block copolymers (PDMA350-b-PDMA250 and PNAM300-b-PNAM325) 

were prepared by sequential addition of monomer. In both cases, 

GPC analysis confirmed a significant increase in molecular weight 

with no tailing (Figure S19), which indicates excellent chain-end 

fidelity. 

Temporal control over this polymerization system was also 

demonstrated by switching the NIR light on/off (Figure 4a, Table 

S10). After conducting a NIR-mediated DMA polymerization for 3 

h, the light source was turned off for a 2 h interval. NMR 

spectroscopic analysis indicated that the monomer conversion 
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(15%) remained unchanged in the absence of any NIR irradiation. 

Upon resuming irradiation for 1 h, the monomer conversion 

increased from 15% to 34%. Repeating the aforementioned 

"on/off" protocol confirmed that polymerization only occurred 

during NIR irradiation, and the polymerization remained 

temporarily dormant in the absence of this light source. The 

corresponding GPC analysis (Figure 4b) showed that the 

molecular weight remained unchanged during the light-off period, 

while exposure to light resulted in an increase in molecular weight. 

Moreover, multiple light switching did not reduce the controllable 

character of this DMA polymerization. 

 

 

Figure 4. Results of “on/off” polymerization. a) Plot of DMA conversion versus 
time. b) GPC traces recorded for polymers obtained at different reaction times. 
Polymerization conditions: 300 μL, [DMA] = 30% w/v, [CTPA]/[DMA] = 1:500, 
[GOx] = 150 U mL−1, [glucose] = 20 mM, [ZnPc] = 4 ppm, [Brij 98] = 10 mg mL−1, 
NIR light (λmax = 730 nm, I = 140 mW cm−2).

RAFT polymerizations using ZnTtBNc particles 

 

Figure 5. a) Visible absorption and b) fluorescence spectra (excitation wavelength = 700 nm) recorded for ZnTtBNc in the absence or presence of Brij 98 in 
phosphate buffer (0.2 M, pH 5.7). c) Digital photographs of phosphate buffer containing three different formulations on excitation with 365 nm light. PC = ZnTtBNc. 
[ZnTtBNc] = 0 or 12 μM, [Brij 98] = 0 or 10 mg mL−1. d) Polymerization kinetics data obtained under different conditions using ZnTtBNc particles. e) Digital photograph 
of a 2 mL reaction vial covered with 5 mm-thick porcine skin. f). Intensity reduction of the 805 nm NIR light after penetrating 5 mm-thick porcine skin. g) GPC trace 
of UHMW PDMA prepared using ZnTtBNc particles at 25.8 mW cm−2. 

To broaden the applicability of surfactant-stabilized 

hydrophobic NIR photocatalysts, we selected zinc 2,11,20,29-

tetra-tert-butyl-2,3-naphthalocyanine (ZnTtBNc) as an alternative 

candidate. Compared to ZnPc, ZnTtBNc exhibits a significantly 

red-shifted absorption, which should lead to enhanced NIR 

absorption. However, ZnTtBNc′s more extensive conjugation 

leads to greater hydrophobic character, which severely limits its 

aqueous solubility. Fortunately, our new colloidal stabilization 

strategy proved equally effective for ZnTtBNc (Figures 5a and 5b). 

Thus, a Brij 98-ZnTtBNc colloidal dispersion exhibited enhanced 



RESEARCH ARTICLE    

6 

 

fluorescence compared to its corresponding coarse suspension 

(Figure 5c) owing to the much smaller particle size (433 ± 58 nm) 

in the former case (Figure S20). 

ZnTtBNc was subsequently used as a photocatalyst for RAFT 

polymerization of DMA under NIR light irradiation (λmax = 757 nm 

or 805 nm). Control experiments confirmed that using ZnTtBNc 

alone resulted in no polymerization (Table S11, #1), but the Brij 

98-stabilized ZnTtBNc particles resulted in 17% DMA conversion, 

presumably by a photoinduced electron/energy transfer (PET) 

mechanism (Table S11, #2).[20] When the complete enzyme-NIR 

formulation (i.e., GOx, glucose, Brij 98-stabilized ZnTtBNc 

particles) was used, a DMA conversion of 50% was achieved 

(Table S11, #4), which demonstrates the potential of Brij 98-

stabilized ZnTtBNc particles as a viable photocatalyst for NIR 

photocontrolled RAFT polymerization. 

Compared to ZnPc, ZnTtBNc’s red-shifted absorption spectrum 

allows the use of NIR light sources with longer wavelengths (λmax 

= 757 nm or 805 nm) for polymerization kinetic studies (Tables 

S12−S15, Figures S21−S28). Under otherwise identical 

conditions, the polymerization achieved using NIR irradiation at 

805 nm was slower than that obtained using 757 nm light (Figure 

5d). Moreover, the former synthesis exhibited a longer induction 

period (4 h vs. 1 h), presumably owing to its lower photon energy 

as well as the reduction in overlap with the ZnTtBNc absorption 

band. Increasing the light intensity and ZnTtBNc and Brij 98 

concentrations led to shorter induction periods and faster 

polymerizations. After a certain (variable) induction period, all 

polymerizations exhibited pseudo-first order kinetics, predictable 

molecular weights and low dispersities (Figures S22, S24, S26, 

and S28). 

To demonstrate the biological penetration capability, we 

performed RAFT polymerization through a 5-mm porcine skin 

barrier using NIR light at 805 nm (Figure 5e). To explore the 

synthetic limits of this enzyme-NIR system, we targeted the 

synthesis of UHMW PDMA homopolymers ([CTPA]/[DMA] = 

1:20,000) at light intensities of either 200 mW cm−2 or 70 mW cm−2. 

In the latter case, the initial light intensity was reduced to 25.8 mW 

cm−2 after penetrating the porcine skin barrier (Figure 5f), 

producing an UHMW polymer (1,020 kg mol−1; Ð = 1.19) (Table 

S16, Figure S29). Interestingly, a lower molecular weight polymer 

(737 kg mol−1; Ð = 1.19) was obtained when employing the 200 

mW cm−2 light source, despite its significantly higher intensity 

(68.5 mW cm−2) after passing through the porcine skin barrier. 

Notably, control experiments performed without any skin barrier 

did not produce UHMW polymers when using either the 200 mW 

cm−2 or 70 mW cm−2 light source. This suggests that there is an 

optimal light intensity (e.g., 25.8 mW cm−2) that favors the 

formation of UHMW polymers owing to the controlled and 

sustained rate of production of radicals.[19b, 21] Indeed, a DMA 

polymerization conducted by direct irradiation at 25.8 mW cm−2 

also produced a low-dispersity UHMW homopolymer (Figure 5g, 

Table S17). The ability to synthesize UHMW polymers through 

biological barriers opens up new avenues for biologically relevant 

applications.

Conclusion 

We demonstrate that hydrophobic NIR photocatalysts can be 

dispersed as colloidally stable particles in water, thereby enabling 

their catalytic function to be harnessed for aqueous RAFT 

polymerization. An enzyme-NIR cascade catalysis system 

consisting of GOx deoxygenation and NIR photosensitization was 

developed for high-throughput RAFT polymerization, yielding 

well-defined polymers from various vinyl monomers across a 

broad range of molecular weights. This enzyme-NIR system 

offers multiple benefits, including oxygen tolerance, 

environmental friendliness, and low catalyst loadings. The ability 

to generate low-dispersity UHMW polymers through biological 

barriers suggests that this new approach offers considerable 

potential for biomaterials engieering. Considering the diversity of 

available surfactants and hydrophobic catalysts, our strategy can 

be extended to include a wide range of photocatalyst platforms, 

enabling tailored light wavelengths to be used in photocontrolled 

polymer synthesis in biologically relevant media. 
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