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Blood-Catalyzed RAFT Polymerization 

Amin Reyhani,[a] Mitchell D. Nothling,[a] Hadi Ranji-Burachaloo,[a] Thomas G. McKenzie,[a] Qiang Fu,[a] 

Shereen Tan,[a] Gary Bryant,[b] and Greg G. Qiao*[a] 

Abstract: The use of hemoglobin (Hb) contained within red blood 

cells to drive a controlled radical polymerization via a reversible 

addition-fragmentation chain transfer (RAFT) process is reported for 

the first time. No pre-treatment of the Hb or cells was required prior 

to their use as polymerization catalysts, indicating the potential for 

synthetic engineering in complex biological microenvironments 

without the need for ex vivo techniques. Due to the naturally-

occurring prevalence of the reagents employed in the catalytic 

system (Hb and hydrogen peroxide), this approach may facilitate the 

development of new strategies for in vivo cell engineering with 

synthetic macromolecules. 

Biocatalytic reversible deactivation radical polymerization 

(RDRP)[1] techniques are of great interest for both polymer 

chemists and biologists.[2] Novel approaches to bioengineering 

are becoming increasingly valued, with significant growth 

forecast in cell-related technologies such as cell separation and 

cell devices, or ‘biological machines’.[3] The engineering of cells 

to perform specific functions including sensing, transport, or 

actuation in situ (i.e. in a biological microenvironment) may offer 

intriguing new therapies or applications.[4] These “active cells” 

can be engineered using chemical or biological means, or more 

likely through a combination of both. Recently, Hawker and 

colleagues have reported a method for functionalizing live cell 

surfaces with synthetic polymers, achieving a high grafting 

density, and allowing for the directed manipulation of cellular 

phenotype.[5] Despite the synthesis being cytocompatible for the 

cell-types investigated, the addition of small-molecule reagents – 

including the dye/photo-catalyst Eosin Y – may preclude the 

practicality of this technique in a clinical setting. In this regard, 

we envisioned the design of a system in which the cells 

themselves are the polymerization catalysts. Here, we present 

an initial proof-of-concept for the use of red blood cells to act in 

such a way for the synthesis of linear, water-soluble 

poly(acrylates) and poly(acrylamides). The polymerization 

system described is shown to be highly tolerant to biological 

conditions, while also being extremely robust as a synthetic 

method. This may open avenues towards more advanced cell-

polymer therapies or applications. 

 

Scheme 1. a) BioRAFT polymerization scheme; and b) Heme group structure 

from hemoglobin inside red blood cells. 

Our previous investigations into iron catalysis in radical initiation 

systems for controlled polymerization[6] spurred an interest in the 

use of alternative iron sources.[7] Iron is, by mass, the most 

abundant element on Earth, making up much of Earth’s inner 

and outer cores. Additionally, its importance in biology is 

fundamental, as its ability to exist in multiple oxidation states can 

facilitate redox reactions, making it a key component of many 

enzymes and proteins. Of these, hemoglobin (Hb) is perhaps the 

most well-known, due to its role as an oxygen transporter in the 

vascular system of animals. Hb contains four “heme” groups, 

each with a complexed iron species at its core. Red blood cells 

are extremely rich in Hb, with around 270 million Hb molecules 

per cell. In humans, almost half of blood’s volume is from red 

blood cells, while approximately a quarter of all cells in the 

human body are red blood cells.[8] Therefore, blood offers an 

extremely important supply of iron that can potentially be 

employed for catalysis in a biological environment. Hb has been 

used in iron-mediated controlled polymerizations via atom 

transfer radical polymerization (ATRP),[2d, 9] however 

pretreatment of the Hb was typically required for the iron to 

become an effective activator of the reaction. We therefore 

aimed to employ native Hb contained within red blood cells to 

drive a controlled polymerization, with the view of eventually 

conducting synthetic polymerization reactions in biological 

environments in situ, where no modification of the biological 

components is required. 

Given our previous research interests,[10] we selected reversible 

addition-fragmentation chain transfer (RAFT) radical 

polymerization[11] as our synthetic method of choice; its high 

degree of monomer versatility, excellent tolerance towards 

aqueous systems, and advanced implementation in a number of 

bio-related applications make it an ideal candidate.[12] In addition 

to the use of Hb as the source of iron, we also employed 

glucose oxidase (GOx) to enzymatically produce hydrogen 

peroxide (H2O2) in situ[13] in order to establish a Fenton initiation 

system.[14] The commercial bovine Hb employed in this study is 
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likely in the oxidized Fe3+ form (i.e. methemoglobin), and this 

was confirmed via UV-vis spectroscopic analysis (ESI, Figure 

S1). To facilitate the production of H2O2, glucose and oxygen are 

the only other required reagents. Although GOx is a non-

mammalian enzyme (it is produced by certain species of fungi 

and insects), all other reagents may be reasonably expected to 

be present in the vasculature system. This system therefore 

serves as the platform for our investigation into red blood cell 

activation of a controlled polymerization (Scheme 1). 

 

Figure 1. Kinetic data and molecular weight analysis of DMA polymerization 

employing (a-b) glucose oxidase (GOx) and an Fe
2+

 salt (ESI, see Figure S2 

for SEC peaks), and (c-d) hydrogen peroxide (H2O2) and hemoglobin (Hb). 

Initially, the ability of GOx to generate H2O2 that can 

subsequently be utilized in a Fenton redox initiation system[15] for 

RAFT polymerization was assessed using an inorganic ferrous 

salt (ammonium ferrous sulphate) as the iron source. A model 

reaction system of N,N’-dimethylacrylamide (DMA), and a water-

soluble trithiocarbonate RAFT agent (TTC), was employed. As 

oxygen is required for the enzymatic reaction, the samples were 

not degassed but simply combined in a sealed vial (together with 

glucose) at ambient temperature, with samples extracted 

periodically for analysis via 1H NMR and SEC. A smooth 

polymerization was observed following a short induction period 

(ca. 30 – 45 min), with linear trends observed for both the semi-

logarithmic monomer conversion kinetics, and the growth of 

polymer molecular weight with conversion (Figure 1a-b). 

Moreover, observed molecular weights were in close agreement 

with theoretical values, and the polymers displayed narrow 

dispersities throughout. Next, we wanted to determine whether 

Hb could indeed be employed as a “biological Fenton 

reagent”.[16] Although the subject of much investigation,[17] there 

remains some controversy over the exact mechanism of iron-

assisted oxidative damage in biological systems.[17f] Using Hb 

together with added H2O2 in a reaction mixture degassed via 

sparging with N2 (as there is no GOx present for this purpose), 

we observed significant polymerization after only 5 minutes. 

However, the conversion did not increase further with reaction 

time (Figure 1c). This agrees well with our previous studies,[6] 

and is thought to be due to the rapid depletion of the added 

H2O2 via both radical forming, and non-radical-forming ‘wasting’ 

reactions. Nevertheless, the synthesized polymer showed 

excellent structural characteristics (molecular weight and 

dispersity) as analyzed via SEC (Figure 1d), indicating that Hb 

was an effective iron-based catalyst for RAFT polymerization. It 

is known that in the presence of H2O2 the heme group of Hb can 

degrade, releasing free iron ions into the solution.[18] Therefore, 

we propose that in our system the released Fe3+ ions can react 

with H2O2 via a Fenton-type reduction,[6] generating the more 

reactive Fe2+ ions that participate in the main Fenton reaction to 

produce initiating hydroxyl radicals (ESI, Figure S3). 

Next, the utilization of GOx together with Hb in an entirely 

biological polymerization system (i.e. “BioRAFT”) was attempted. 

Pleasingly, the polymerization proceeded smoothly following an 

induction period similar to the previously-attempted GOx system 

(Figure 2a). The reaction was noticeably slower than the 

analogous system employing the inorganic iron salt, which may 

be due to the gradual release of iron from the heme group. To 

investigate this, we monitored Soret band (λmax = 410 nm) of the 

commercial bovine Hb[2d] by UV-vis spectroscopy (ESI, Figure 

S4). During polymerization the Soret band intensity decreases 

and ultimately disappears after 6 hours. This indicates the 

gradual degradation of the protein heme unit, altering the native 

state of Hb as the reaction progress and releasing iron into the 

reaction mixture during the BioRAFT process. However, near-

quantitative monomer conversions were still observed within a 

reasonable timescale (<8 h), with the observed molecular 

weights were in close agreement with theoretical values, and the 

polymer maintained a narrow dispersity throughout (Figure 2b-

c). Importantly, no evidence of chain transfer to cysteine 

residues in the Hb was seen, with a pure white polymer product 

obtained and a monomodal peak observed via SEC indicating 

no protein-polymer conjugate formation (ESI, Figure S5). 

 

Figure 2. (a) Kinetic data for DMA polymerization system employing GOx and 

Hb (BioRAFT); (b) Molecular weight and dispersity data as determined via 

SEC-LS analysis; (c) SEC chromatogram of the final polymer showing 

monomodal and relatively symmetrical distribution. 
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A wide range of reagent concentrations were then screened to 

ascertain the optimum working conditions for the polymerization 

reaction, as well as the effect that the loading level of each 

component in the catalyst system has on the reaction kinetics 

and structural integrity of the final polymer product (ESI, Tables 

S1-S4, Figure S6). Control experiments in which glucose or Hb 

were selectively omitted resulted in no polymer formation (ESI, 

Table S5). Further control experiments performed in the 

absence of the RAFT agent resulted in the physical gelation of 

the reaction mixture, indicating an uncontrolled polymerization 

process as per free radical initiation (ESI, Figure S7).  

Chain extension experiments conducted at near-complete 

monomer conversion demonstrated exceptionally high chain-end 

fidelity, or “livingness”, of the synthesized polymers (ESI, Figure 

S8), allowing facile access to (multi)block copolymer structures. 

Additionally, the synthesis of a wide variety of polymer chain 

lengths was achieved by tuning the initial ratio of monomer to 

RAFT agent, while keeping the catalyst system (i.e. 

Hb/GOx/glucose) concentrations constant (ESI, Table S6). A 

number of different acrylate and acrylamide monomers were 

successfully synthesized under the same conditions, with 

several different trithiocarbonate RAFT agents also successfully 

employed (ESI, Table S7). Taken together, the above-

mentioned investigations underscore the robust nature of the 

Hb-mediated polymerization system, as well as highlighting the 

versatility of the RAFT technique.[19] 

 

Figure 3. UV-vis spectroscopic analysis of 3,3’,5,5’-tetramethyl benzidine 

(TMB) oxidation by hydroxyl radicals generated via Hb-catalysed Fenton 

reaction at λmax = 652 nm: (a) Fixed amount of H2O2 with increasing Hb loading 

concentrations; (b) Plot of initial slop of curves (Abs/min) against initial Hb 

concentration; and (c) GOx for in situ generation of H2O2 in the presence of 

Hb. 

To investigate the initiation system in more detail, we employed 

a colorimetric assay to determine the rate of hydroxyl radical 

production in the Hb catalyst system. It should be noted that 

hydroxyl radicals are the sole source of initiating species in 

these systems, and hence are the determining factor for the rate 

of RAFT polymerization. To this end, 3,3’,5,5’-tetramethyl 

benzidine (TMB) was employed as a chromogenic probe, as it 

has high specificity towards hydroxyl radicals. At a fixed 

concentration of H2O2, the production of hydroxyl radicals was 

observed to increase with increasing Hb concentration, with a 

saturation/stabilization effect seen within relatively short 

timescales (Figure 3a). Figure 3b illustrates the quantitative 

analysis for this kinetic assay data as a linear plot of the initial 

slopes as a function of Hb concentration. Conversely, when GOx 

with glucose was employed to generate H2O2 in situ, the 

hydroxyl radical generation in the system was seen to be 

dormant for a period of time, before increasing steadily (Figure 

3c). These observations correlate strongly with the 

polymerization kinetics observed in Figures 1 and 2, and provide 

further evidence that Hb can act as an iron source for the 

catalytic generation of hydroxyl radicals, acting as the initiating 

species in a RAFT polymerization. 

Finally, we wanted to assess the possibility of using the native 

Hb contained within red blood cells to drive the polymerization 

reaction, without requiring any isolation or pre-treatment. The 

robustness of the Hb-mediated polymerization was initially 

screened in a wide range of biological media to assess its 

tolerance towards bio-relevant conditions. Excellent results were 

obtained in almost all cases, with high monomer conversions 

and narrowly dispersed linear polymers obtained (ESI, Table 

S8). Moving on from isolated bovine Hb to the use of native Hb–

containing red blood cells (erythrocytes), we employed ovine 

blood as the source of iron, which was obtained directly from a 

sheep. With RO water as solvent (Table 1, entry 1; Table S9, 

entries 1-3) (erythrocytes = 1 vol%), H2O2/erythrocyte–mediated 

BioRAFT showed 25% monomer conversion after only a few 

minutes (Figure 4a), consistent with our previous experiments 

(vide supra).[6] Next, a range of blood-catalyzed BioRAFT 

polymerizations were conducted at 1 vol% of erythrocytes (Table 

1, entries 2 & 3; Table S9, entries 4-8). Figure 4b illustrates 

pseudo first-order kinetics of erythrocytes/whole blood–activated 

BioRAFT polymerization. Monodisperse linear polymers (Đ < 

1.1) were observed throughout the polymerization, with 

experimental molecular weights in good agreement with 

theoretical values (Figure 4c-d). Selective omission of either 

GOx or D-glucose resulted in no monomer conversion after 24 

h, while GOx/glucose alone (without erythrocytes) also showed 

no polymer (Table 1, entries 4-6; ESI, Table S9, entries 6-8). 

The reaction using whole blood was slightly faster than the 

isolated erythrocytes, which is ascribed to the lower 

concentration of red blood cells (which make up ca. 45 vol% of 

whole blood). This was also observed in the H2O2/erythrocyte–

mediated BioRAFT, where increasing the erythrocyte 

concentration resulted in lower monomer conversions (Figure 

4a). This effect is ascribed to increased hydroxyl radical ‘wasting 

reactions’ caused by excess iron, and agrees well with our 

previous studies on Fenton-mediated polymerizations.[6] 

Furthermore, real blood cells are comprised of a complex 

mixture of dissolved salts and proteins which may interfere with 

the polymerization (see Table S8). Therefore, the polymerization 

rate is dependent on the red blood cell loading level. 

Interestingly, while polymerization in RO water was successful, 

we observed no monomer conversion in phosphate buffered 

saline (PBS) (ESI, Table S9, Entries 9-13). This is attributed to 

the lysis of the blood cells in unbuffered water due to osmotic 
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pressure leading to the release of hemoglobin into solution that 

increased its availability for subsequent reactions with H2O2. Cell 

lysis under these conditions was confirmed via optical 

microscopy (ESI, Figure S9). Taken together, these results 

indicate that red blood cells can be exploited as precursors for 

Fenton-mediated radical polymerization.  

 
Table 1. BioRAFT polymerization of DMA catalyzed directly by ovine 
blood. 

Entry
[a] 

Peroxide 

Source 
Iron source

 Time 

(h) 

Conv. 

(%) 

Mn-SEC/LS 

(Da) 

Mn,the.
[b]

 

(Da) 
Ð 

1 H2O2 Erythrocytes 1 25 - - - 

2 
GOx/ 

D-glucose 
Erythrocytes 24 78 16.9 15.8 1.04 

3 
GOx/ 

D-glucose 
Whole blood 24 92 17.5 18.5 1.02 

4 
no GOx/ 

D-glucose 
Erythrocytes 24 0 - - - 

5 
GOx/no  

D-glucose 
Erythrocytes 24 0 - - - 

6 
GOx/ 

D-glucose 
None 24 0 - - - 

[a] In all reactions volume fraction of either erythrocytes or whole blood is 1 vol%, and solvent is RO water (b) 

Calculated from conversion values using the following formula: Mn,th = [DMA]/[TTC] x conversion x MWDMA + 

MWTTC. 

 

Figure 4. Kinetic studies of DMA polymerization ([DMA] = 4.85 M). (a) Plot of 

ln ([M]0/[M]t) against reaction time at different doses of erythrocytes (i.e., 1-10 

vol%) via H2O2/erythrocyte-mediated BioRAFT process; (b) Plot of ln ([M]0/[M]t) 

against reaction time via erythrocyte (1 vol%) or whole blood (1 vol%)-

mediated BioRAFT process; (c) SEC chromatograms of obtained PDMAs and 

(d) Molecular weight and dispersity values of PDMA synthesized via BioRAFT 

polymerization activated by whole blood. 

We believe that the presented BioRAFT system could be 

potentially extended to cases with endogenously-produced 

H2O2
[20] – for example, where it is often over-produced inside of 

cancer cells. This would allow for a fully autonomous initiation 

system for a controlled polymerization in vivo,[21] where the 

synthetic reagents may be shipped to the biological 

environments through advanced delivery techniques. This may 

in turn open new strategies to combat infections or diseases, 

and facilitate complicated cell engineering without the need for 

ex vivo manipulations. In addition, this polymerization system 

may be considered highly “green”[22] given that the human body 

is continuously producing the required catalyst (i.e. red blood 

cells) at a rate of 2 million per second.[8] 

In conclusion, the use of red blood cells to catalyze a RAFT 

polymerization directly is reported. Through investigations into 

the behaviour of isolated hemoglobin as a Fenton reagent, the 

polymerization is thought to proceed via a redox initiation system 

capable of generating reactive hydroxyl radicals. The system is 

shown to be highly tolerant towards biological milieu, and may 

potentially be expanded to other biological environments where 

hydrogen peroxide is produced endogenously. 
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