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Abstract

Reactive oxygen species (ROS) can degrade organic compounds and function as a broad-spectrum 

disinfectant. Here, dopamine methacrylamide (DMA) was used to prepare catechol-containing 

microgels, which can release ROS via metal-catechol interaction. A combination of the microgel 

and iron magnetic nanoparticle (FeMNP) significantly reduced the concentration of four organic 

dyes (Alizarin Red S, Rhodamine B, Crystal Violet, and Malachite Green) and an antibiotic drug, 

ciprofloxacin, dissolved in solution. Degradation of dye occurred across a wide range of pH levels 

(pH 3–9). This simple combination was also antimicrobial against both Escherichia coli and 

Staphylococcus aureus. Electron paramagnetic resonance spectroscopy (EPR) results indicate that 

singlet oxygen was generated during the reaction between catechol and FeMNP at both pH 3 and 

7.4, which was responsible for the degradation of organic compounds and bactericidal features of 

the microgel. Unlike autoxidation that only occurs at a neutral to basic pH, FeMNP-induced 

catechol oxidation generated singlet oxygen over a wide range of pH level. Additionally, catechol 

chelates heavy metal ions, resulted in their removal from solution and repurposed these metal ions 

for dye degradation. This multifunctional microgel can potentially be used for environmental 

applications for the removal of organic pollutants and heavy metal ions from wastewater, as well 

as reducing bacterial infection in biomedical applications.
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Introduction

Water contamination is a worldwide issue as a result of both rapid population and industrial 

growth. Wastewater from industries contains organic dyes1, heavy metal ions2, and 

antibiotics3 which are hazardous to the human health. Moreover, organic compounds from 

wastewater are rich in nitrogen and phosphorus nutrients, which can result in an 

overwhelming growth of microorganisms in water4–5. Contaminations stemmed from 

wastewater reduce the availability of drinking water, especially in areas with limited water 

resources6. To alleviate the release of the pollutants into the environment, many significant 

efforts have been devoted to treating environmental contaminants before they are released. 

Starting many decades ago, researchers have been seeking solutions for wastewater 

treatment and bacterial inhibition. Among the various solutions, the use of reactive oxygen 

species (ROS) have gained interests from the researchers because ROS can degrade organic 

compounds as well as suppress bacterial growth. ROS include oxygen free radicals and any 

other oxygen-containing molecule in which an oxygen atom has a greater reactivity than 

molecular oxygen (O2)7. The high reactivity allows ROS to withdraw electrons from organic 

compounds, which leads to the degradation of these compounds into water and carbon 

dioxide8–10. Such reactivity from ROS can also cause the death of microorganisms by 

damaging their cell membrane11. Most importantly, ROS degrades into benign degradation 

products, such as oxygen and water12.

In order to degrade organic pollutants and kill microorganisms in wastewater with ROS, it is 

necessary to devise an approach that can generate ROS efficiently. Current approaches in 

ROS generation include photocatalysis and Fenton’s reaction. Photocatalysis applies light as 

the energy to induce ROS production on a semiconductor-based catalyst13–15. Fenton’s 

reaction generates oxygen free radicals from the redox reaction between hydrogen peroxide 

(H2O2) and ferrous ions9, 16. However, the application of both approaches described above is 

Zhang et al. Page 2

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



limited by multiple factors. In dye degradation, the efficiency of photocatalysis is restricted 

to light intensity and the material of the catalyst17. Fenton’s reaction must be carried out at 

an acid pH (optimal at pH 3) for an effective ROS generation9, 18. Besides these restrictions, 

both approaches have risks in leaving cytotoxic residuals in water after the process19–20. 

Taking all these issues into consideration, an ROS generation approach which can take place 

under less-restricted conditions is required for both environmental and biomedical 

applications.

Catechol is a key functionality that is found in the adhesive proteins used by marine 

organisms such as mussels21 and sandcastle worms22. ROS can be generated from various 

catechol oxidation conditions such as autoxidation23, chemical oxidation23, and metal-

mediated catechol oxidation24–25. All these catechol oxidations involve the electron transfer 

that converts the O2 into superoxide (O2·−) and hydrogen peroxide (H2O2) (Scheme 1). 

Previous publications have reported generation of these ROS during catechol autoxidation26 

and periodate-mediated chemical oxidation27 (Scheme 1A). The sustained release of H2O2 

from catechol autoxidation was found to be both antimicrobial and antiviral28. However, 

autoxidation or chemical-induced oxidation of catechol is favored at a neutral to basic 

pH26–27. A recent study suggests that a different ROS, singlet oxygen (1O2), can be 

generated via metal ion-mediated catechol oxidation (Scheme 1B)29. 1O2 is able to degrade 

organic dyes and provide antibacterial effects30–31. Although the use of metal nanoparticle 

to induce ROS generation have not been previously reported, we hypothesize that iron-based 

nanoparticle can potentially be used to generate 1O2 potentially in the same manner as metal 

ion-mediated catechol oxidation.

Herein, we synthesized microgel using catechol-bearing dopamine methacrylamide (DMA) 

and mixed the microgel with iron magnetic nanoparticle (FeMNP) (Scheme 2). The efficacy 

for this simple mixture to degrade organic dyes (Alizarin Red S, Rhodamine B, Crystal 

Violet, and Malachite Green), remove the antibiotic ciprofloxacin (CIP) from an aqueous 

solution, and suppressed bacterial growth was examined. Additionally, the ability for DMA-

containing microgel to remove heavy metal ion from an aqueous solution and repurpose the 

metal ion for dye degradation was also explored. Finally, the type of ROS that is generated 

during FeMNP-induced catechol oxidation was determined using electron paramagnetic 

resonance (EPR) spectroscopy.

Experimental Methods

Materials

N-Hydroxyethyl acrylamide (HEAA), TWEEN®80, Span™80, acetone, FeMNP (97% iron 

oxide (Fe3O4); 50–100 nm particle size), potassium hexacyanoferrate (II) trihydrate, nickel 

(II) nitrate hexahydrate, copper (II) nitrate hemi(pentahydrate), cobalt (II) chloride 

hexahydrate, lead (II) nitrate, Alizarin Red S, Rhodamine B, Crystal Violet, Malachite 

Green, ciprofloxacin, 5,5-dimethylpyrroline N-oxide (DMPO) and 2,2,6,6-

Tetramethylpiperidine (TEMP) were purchased from Sigma Aldrich (St Louis, MO). 

Methylene bis-acrylamide (MBAA) was purchased from Acros Organics (Fair Lawn, New 

Jersey). VA-086 was purchased from Wako Chemicals (Richmond, VA). Dimethyl sulfoxide 

(DMSO) and hexanes were purchased from VWR (Radnor, PA). L13152 LIVE/DEAD® 
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BacLight™ Bacterial Viability Kit and Pierce™ Quantitative Peroxide (FOX) Assay Kit 

were purchase from Thermo Fisher Scientific (Waltham, MA). Staphylococcus aureus and 

Escherichia coli were purchased from ATCC (Manassas, VA). Dopamine methacrylamide 

(DMA, Figure S1) was synthesized following published protocols32.

Preparation of DMA-containing microgels

Microgels were prepared by following previously published protocol with some minor 

modifications28. 70 mL of hexanes, 500 μL of Span™80, and 100 μL of TWEEN®80 were 

mixed and stirred vigorously in a rubber plug-sealed flask under a nitrogen-rich atmosphere 

for 15 min. Polymer precursor solutions were prepared by mixing 1 M of HEAA with 0–40 

mol% of DMA, 6 mol% of MBAA, and 4 mol% of VA086 (increased to 12 mol% of VA086 

for 40 mol% of DMA) relative to HEAA in DMSO and DI water (DMSO:DI water volume 

ratio = 2:2.48). The precursor solutions were frozen for 30 min and degassed 3 times by 

back filling with N2. Then, the precursor solutions were added to the surfactant mixture drop 

by drop using a syringe. The reaction was initiated by irradiating UV light (365 nm, UVP 

UVGL-25, Analytik Jena) with continued stirring at 1400 RPM for 4 h 30 min. The 

microgels were washed and centrifuged sequentially with acetone, isopropyl alcohol, 

acetone, and DI water until the microgels became white. The microgels were lyophilized to 

yield dried microgel powder.

The composition of the microgels were analyzed using Fourier-transform infrared (FTIR) 

spectroscopy (Spectrum One, PerkinElmer Instruments, CT) with Attenuated Total 

Reflection (ATR) accessory. The morphology of dried microgel was visualized using field 

emission scanning electron microscope (FESEM, Hitachi S-4700, Hitachi High 

Technologies America, Inc., IL). The morphology of the swollen microgels was studied 

under a light microscope after incubating the samples in DI water for 30 min. Particle size of 

the microgel in the dried and swollen states were determined from the microscope images 

with ImageJ.

Dye degradation experiments

2.5–10 mg of FeMNP and 25 mg of microgel were incubated in up to 150 mg/mL of 

different dye solutions (pH 3–9) containing either Alizarin Red S, Rhodamine B, Crystal 

Violet, or Malachite Green at 37 °C for up to 24 hours. After incubation for a given amount 

of time, 200 μL of the solution was diluted 15 times and examined using UV-vis 

spectroscopy (LAMBDA35, PerkinElmer, MA). Standard curves of each dye (Figure S2) 

was used to determine the residual dye concentration in the solution. The repeatability of 

microgel in dye degradation was examined. 40 mol% DMA microgel and 5 mg/mL of 

FeMNP were incubated with Rhodamine B for 24 hours and collected using vacuum 

filtration. Then, the microgel and FeMNP mixture was washed with water (pH 3) and 

acetone and lyophilized before incubating with Rhodamine B again.

Antibiotic removal experiment

5 mg of FeMNP and 25 mg of microgel were incubated a solution (pH 7.4) containing up to 

0.45 mM of ciprofloxacin. The concentration of ciprofloxacin in the solution was examined 
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using UV-vis spectroscopy. A standard curve of ciprofloxacin (Figure S3) was used to 

determine the residual ciprofloxacin concentration in the solution.

Heavy metal ion absorption

Solution containing 5–40 mM of metal ions was prepared by dissolving different metallic 

salts (e.g., potassium hexacyanoferrate (II) trihydrate, nickel (II) nitrate hexahydrate, copper 

(II) nitrate hemi(pentahydrate), cobalt (II) chloride hexahydrate, and lead (II) nitrate) in an 

aqueous solution acidified to pH 3 using HCl. 25 mg of microgel was incubated with 1 mL 

of solution containing the metal ions at room temperature for 24 hours. After which, 

microgels were collected and dried under vacuum. The solutions were tested under 

inductively coupled plasma optical emission spectrometry (ICP-OES, Optima 7000DV, 

PerkinElmer, MA) to determine the amount of residual metal ion concentration in the 

solution. The dried microgels were coated with platinum (thickness = 20 nm), imaged under 

an environmental scanning electron microscope (ESEM, XL 40, FEI/Philips, OR) and 

mapped using energy-dispersive X-ray spectroscopy (EDS). To determine the effect of 

soluble metal ions on dye degradation, 25 mg of microgel and 0.02 mmol of different 

metallic compounds were added to 1 mL Rhodamine B solution (150 mg/L, pH 3) and 

incubated at 37 °C for 24 hours. The concentration of the residual dye in the solution was 

determined using UV-vis spectroscopy as described above.

Antibacterial activity of DMA microgel and FeMNP

40 mol% DMA microgels and FeMNP were added into 24-well tissue culture plates and 

sterilized using UV irradiation for 2 hours. The antibacterial activity of the microgels was 

evaluated following published protocols with minor modifications28. Both S. aureus and E. 
coli grown on the stock plate were diluted by broth to a concentration of 100,000 CFU/mL. 

the sterilized microgels (10 mg) and FeMNP (2 mg) were equilibrated with 225 mL of PBS 

(pH 7.4) for 5 min. 500 mL of bacteria suspended in broth solution was added to the 

microgel, and the mixture was incubated at 37 °C. At a given time point (4, 8, and 24 hours), 

a 1-mL loop was immersed into the mixture without touching the precipitated microgels and 

streaked onto agar plates, which were further incubated at 37 °C for 24 hours. The agar 

plates with colonies were photographed, and the bacteria colonies were counted using 

ImageJ. The relative colony number was calculated following the equation below:

Relative colony number  = (1 − Nm/Nc) × 100%

where Nm is the colony numbers formed from the bacteria exposed to the microgels and Nc 

is the average colony numbers formed from the bacteria cultured in broth that did not 

contain any microgel.

2 mL of bacteria suspension was seeded onto a glass confocal dish for 24 h at 37 °C. The 

sterilized microgels (25 mg) and FeMNP (5 mg) were added and further incubated for 

another 24 h at 37 °C. The microgels and FeMNP were removed and the glass dish was 

stained using L13152 LIVE/DEAD® BacLight™ Bacterial Viability according to the 

manufacturer’s protocol and examined using a fluorescence microscope (LSM710, Zeiss, 
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Germany). Fluorescence imaging was performed with a 480/500 nm filter for SYTO 9 stain 

and 490/635 nm filter for propidium iodide in the microscope optical path.

Determination of ROS generation

Electron paramagnetic resonance (EPR) spectroscopy was used to determine the free 

radicals generated by DMA-containing microgels. 25 mg of 40 mol% DMA microgel and 5 

mg FeMNP were added to 4 mL of aqueous solution (either pH 3 or pH 7.4) mixed with 1 

mL of methanol and 12.4 μL of DMPO to determine the generation of hydroxyl radical 

(·OH) and O2·−. To determine the generation of 1O2, 12 μL of 14 mM of TEMP was 

prepared and then was added into the mixture containing 40 mol% DMA microgel (25 mg/

mL), FeMNP (5 mg/mL) and 4 mL of aqueous solution (pH 3 or 7.4). EPR spectra were 

obtained immediately after the mixing using an EPR spectrometer (EMX Plus, Bruker, MA). 

H2O2 generation from microgels was determined using FOX Assay Kit by following a 

published protocol using a Synergy Mx microplate reader (BioTek, VT)28. The conversion 

of superoxide to singlet oxygen in the presence of FeMNP was confirmed by mixing 12 μL 

of 14 mM of TEMP and 5 mg of FeMNP to 1 mL of 250 mg/mL potassium superoxide 

dissolved in anhydrous DMSO.

Statistical Analysis

One-way analysis of variance (ANOVA) and student t-test were performed for comparing 

means of multiple groups and two groups, respectively, using a p-value of 0.05.

Results and Discussions

FTIR spectra of the microgels confirm the presence of features associated with HEAA (620 

and 1053 cm−1 for −OH, 1547 cm−1 for amide, 1628 cm−1 for C=O, and 2934 and 1440 cm
−1 for −CH2–) (Figure 1). Microgels containing 20 and 40 mol% of DMA exhibited new 

peaks at 800 and 1250 cm−1 (aromatic C-H bending)33, which confirms the presence of 

catechol in the microgels. These microgels appeared spherical in shape when visualize in 

both dried and wet conditions (Figure 2). The particle size ranged from 25 to 54 μm when 

dried (Table S1). After the hydration, the microgels increased in size (51–67 μm) and 

retained the spherical shape. The addition of DMA decreased the overall hydrophilicity of 

the crosslinked microgels, which likely resulted in the smaller size of the DMA-containing 

microgels when compared to the 0 mol% DMA microgel. Additionally, catechol can 

participate in hydrogen bonding and π-π interaction25, which also contributed to the 

deswelling as observed in a previous publication28.

Organic compound degradation and removal

The ability of the combination of DMA-containing microgel with FeMNP to degrade 

organic dyes was examined using four different dyes: Alizarin Red S, Rhodamine B, Crystal 

Violet, and Malachite Green (Figure 3). These dyes were incubated with microgels 

containing 0–40 mol % of DMA and FeMNP. In general, there was a significant higher 

reduction in dye concentration when incubated with microgels with increasing DMA content 

(Figure 3A and Figure S4–7). Apart from Alizarin Red S (17% of original dye concentration 

remained), the dye concentrations of Rhodamine B, Crystal Violet, and Malachite Green 
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were significantly reduced to less than 1 % of their original concentrations after 24-hour 

incubation with 40 mol% DMA microgel and FeMNP. These values are equivalent to or are 

approaching values that were reported for photocatalyzed (99–100% reduction)34–36 and 

Fenton’s reaction-mediated (94–99% reduction)37–39 dye degradation. The solutions 

containing these different colored dyes became colorless after incubation with DMA 

microgel and FeMNP, which indicated the breakdown of these organic dye compounds 

(Figure 3B). Microgels that did not contain DMA also resulted in a smaller amount of 

reduction in dye concentration (2–66% reduction), potentially due to the dye being absorbed 

into the microgel network. However, the presence of catechol was required to achieve 

greater than 99% dye reduction. In the absence of FeMNP, the 40 mol% DMA microgels 

reduced dye concentration (24–81% reduction) through absorption, potentially due to the π-

π interaction between the aromatic structures of the dyes and catechol. The concentrations 

of the untreated dyes did not change over the same period indicating that they were stable 

during the incubation.

Among the dyes tested, Rhodamine B demonstrated the least reduction as a result of 

physical absorption (2% reduction using 0% DMA microgel) but still achieved greater than 

99 % dye reduction using 40 mol% DMA microgel. This indicated that Rhodamine B was 

predominantly degraded through ROS generated by catechol. As such, a series of 

experiments was performed to further study the dye degradation behavior using Rhodamine 

B as the model compound under different conditions. The initial Rhodamine B concentration 

was varied between 0.3 to 6 mM (144 to 2880 mg/mL). 40 mol% DMA microgel and 

FeMNP effectively degraded more than 99 % of Rhodamine B over 24 hours for initial dye 

concentration up to 3 mM (Figure 3C). At the highest dye concentration tested (6 mM), the 

percentage of dye reduction was significantly lowered (~20% reduction). The 40 mol% 

DMA microgel and FeMNP combination degraded 99 % of dye over a wide pH range (pH 3 

to 9) (Figure 3D). Changing the amount of FeMNP did not influence the dye degradation 

results (Figure S8). The 40 mol% DMA microgel degraded 99 % of dye at pH 3 with 

FeMNP concentrations ranging from 2.5 to 10 mg/mL. The dye reduction kinetic study 

showed that the dye concentration had a rapid decrease within the first 10 minutes after the 

mixing the dye with the microgel and FeMNP (Figure 3E, Figure S9). Nearly 80% of the 

dye was degraded within this period. However, the microgel were not recyclable (Figure 

S10). The recycled microgels did not reduce the dye concentration compared to the original 

microgels with the presence of FeMNP, potentially due to irreversible oxidation of catechol. 

However, FeMNP appeared to be tethered to the microgel rendering it magnetic (Figure 

S11).

Besides the organic dyes, the ability of DMA-containing microgels in combination with 

FeMNP in removing an antibiotic drug, ciprofloxacin (CIP), was also examined (Figure 4). 

CIP is an antibiotic drug used the treatment of urinary and digestive infections and 

pulmonary diseases40. The combination of 40 mol% DMA microgel and FeMNP resulted in 

the lowest residual amount of CIP after 24-hour incubation. For a starting CIP concentration 

of 0.23 mM or lower, CIP concentrations was reduced to around 1% of its original 

concentration (99% reduction). At the highest CIP concentration tested (0.45 mM), CIP was 

reduced by over 91%. In the absence of FeMNP, 40 mol% DMA microgel also reduced CIP 

concentration in a similar concentration dependent manner (84–99 % reduction). However, 0 
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mol% DMA microgel only resulted in marginal reduction in CIP concentration (23–25% 

reduction). The reduction in CIP concentration is an effect of both the adsorption of the CIP 

by the catechol containing microgel and the ROS generated by the oxidation of catechol. 

CIP consists of a multi-ringed structure decorated with electron negative elements (Figure 

S12). It is likely that the presence of catechol aided in CIP absorption into the DMA-

containing microgel potentially through π-π interaction and hydrogen bonding. Moreover, 

previously, it has been reported that CIP can be degraded by ROS such as O2·− and 

·OH41–42. In the results, the addition of FeMNP to DMA-containing microgel further 

reduced CIP concentration, presumably due to ROS-mediated degradation.

Metal ion removal

The ability of the microgels to absorb heavy metal ions was determined by incubating 40 

mol% DMA microgel with a solution containing up to 40 mM of various metal ions (Figure 

5). DMA microgels removed over 85 % of Fe2+, Ni2+, Cu2+, and Co2+ ions and more than 

65 % of Pb2+ ion from the solution regardless of the initial concentration of metal ion. 

Microgels that absorbed metal ions such as Fe2+ and Cu2+ become slightly discolored, 

changing from the original white color to a yellowish and brownish color (Figure 5B). This 

an indication that metal ions were removed along with the microgels. SEM images with the 

utilization of EDS mapping further confirmed that the metal elements were detected on the 

surface of the microgel (Figure 5C). Catechol’s ability to chelate these metal ions aided in 

their removal. Additionally, the microgel is insoluble and could be easily separated from the 

solution through filtration or precipitation.

The ability for metal ions to catalyze Rhodamine B in the presence of 40 mol% DMA 

microgel was further examined. When incubating Rhodamine B with different metal ions 

(Fe2+, Ni2+, Cu2+, Co2+, Pb2+), there was minimal reduction in dye concentration except 

Pb2+ (6% reduction) (Figure S13A). However, more than 99 % of Rhodamine B was 

degraded after incubating with 40 mol% DMA microgels and the same series of metal ions 

(Figure S13B, Figure S14). This result indicated that dye degradation only occurred in the 

presence of catechol using the metal ion as a catalyst, presumably as a result of 1O2 

generation through metal ion-mediated catechol oxidation (Scheme 1B)29. DMA-containing 

microgel not only removed heavy metal ions present in the aqueous solution, it also utilized 

the metal ion to generate ROS for organic dye degradation.

Antimicrobial properties of DMA microgel with FeMNP

The antimicrobial properties of DMA-containing microgel in combination with FeMNP was 

evaluated using a Gram-positive (S. aureus) and a Gram-negative (E. coli) bacteria (Figure 6 

and Figure S15). For the untreated control and bacteria incubated only with FeMNP, colony-

forming units (CFU) increased with incubation time. This indicated that FeMNP alone has 

no antimicrobial properties. At each time point, 40 mol% DMA microgel alone effectively 

killed 91–94 and 91–95% of S. aureus and E. coli, respectively. DMA-containing microgel 

generates 5–8 mM of H2O2 at pH 7.4 as result of catechol autoxidation (Figure S16), which 

has been previously demonstrated to be effective against both bacterial strains28. Adding 

FeMNP to DMA-containing microgel resulted in no difference in the antimicrobial property 

toward S. aureus. However, after 24 hours of incubation, the combination of 40 mol% DMA 
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microgel and FeMNP killed more E. coli (99%) when compared to in the absence of FeMNP 

(91%). This difference in the antimicrobial property may be attributed to different ROS 

generated in the presence of FeMNP43. Varying the FeMNP content (2.5 – 10 mg/mL) did 

not affect antibacterial results (Figure S17), and a FeMNP concentration as low as 2.5 

mg/mL exhibited antimicrobial effect.

Additionally, the antimicrobial ability for the combination of DMA-containing microgel and 

FeMNP on pre-establish culture of bacteria was examined using LIVE/DEAD fluorescence 

imaging (Figure 7). In the absence of the microgel and FeMNP, bacteria were stained green 

indicated live cells. However, when the surfaces seeded with S. aureus and E. coli were 

treated with 40 mol% DMA microgel and FeMNP, the bacteria were predominantly killed 

and stained red (Figures 7B and D, respectively).

Generation of ROS

EPR was used to further examine the types of ROS that were generated when combining 

DMA-containing microgel with FeMNP using TEMP and DMPO as the capture agents 

(Figure 8). 1O2 oxidizes TEMP and the oxidized TEMP can be detected using EPR29. At 

both pH 3 and 7.4, a characteristic three-peak pattern appeared when using TEMP as the 

capture agent, which indicates that 1O2 is generated by DMA-containing microgel and 

FeMNP (Figures 8A and B). On the other hand, O2·− and ·OH can be captured by DMPO44. 

However, there was no signal resulting from adding DMPO (Figures 8C and D), indicating 

that O2·− and ·OH radicals were not generated.

The ability for nanoparticles in inducing ROS generation has been previously reported using 

gold45 and copper46 nanoparticles. However, generation from catechol and a nanoparticle 

had not been previously described. Recently, Yi et al.29 reported that 1O2 was generated 

between catechol and metal ions. Moreover, we successfully detected singlet oxygen in a 

mixture of potassium superoxide and FeMNP in anhydrous DMSO using EPR (Figure S18). 

The ability for iron nanoparticle to catalyze 1O2 from O2·− has also been reported recently47. 

Inspired by this finding, we propose a mechanism for 1O2 generation between DMA 

microgel and FeMNP (Figure 9). The oxidation of catechol moiety in DMA-containing 

microgel is catalyzed by FeMNP, which converts catechol into o-semiquinone radicals. At 

the same time, the electron transfer converts O2 into O2·− during the o-semiquinone 

formation. The o-semiquinone radical is stabilized by the interfacial metal-catechol 

coordination bond formed with the FeMNP surface48. Because the o-semiquinone radical 

has been stabilized by FeMNP, electron transfer is preferred between O2·− and FeMNP. As a 

result, FeMNP oxidizes the superoxide radical into 1O2, which is similar to the metal-

mediated catechol oxidation (Scheme 1B). No O2·− was captured using EPR, further 

confirming that O2·− was rapidly converted to 1O2. FeMNP-catalyzed oxidation process also 

differs from autoxidation of catechol to generate superoxide (Scheme 1A), which is favored 

at a neutral to basic pH26. We further confirmed that no H2O2 production was detected from 

the DMA microgel at an acidic pH (Figure S19). On the other hand, Fenton’s reaction is 

optimal in an acidic pH9, 18. FeMNP was able to oxidize catechol at both an acidic and a 

basic pH (Figure 8A), which enabled ROS generation capability across a wider range of pH 

levels (Figure 3D).
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When taken together, we investigated the multifunctionality of catechol for the potential in 

organic compound degradation, heavy metal ion removal, and antimicrobial applications. 
1O2 generated by FeMNP-catalyzed oxidation of catechol effectively degraded organic dyes 

at a level similar to those of photocatalyzed and Fenton’s reaction-mediated dye 

degradation34–39. DMA-containing microgel can also be used to remove heavy metal ion 

and even use the metal ion for dye degradation. Additionally, the generated ROS was 

effective in killing both Gram-positive and negative bacteria. However, the effectiveness of 

the generated 1O2 as catalyzed by FeMNP did not improve significantly when compared to 

the efficacy of those of H2O2 generated during autoxidation (i.e., in the absence of FeMNP). 

This is potentially due to the significantly short half-life of 1O2 (3.5 microsecond49) when 

compared to that of H2O2 (8 hours50), even though 1O2 is a more potent ROS than H2O2
51.

When compared with other ROS generation approaches, DMA-containing micorgel in 

conjunction with FeMNP converted molecular oxygen present in an aqueous solution into a 

more reactive 1O2. Even in the absence of FeMNP, DMA-containing micorgel was able to 

repurpose heavy metal ions present in the solution for ROS generation. In addition, both the 

microgel and FeMNP are removable. The microgels can be collected with a filter, and the 

FeMNP can be removed with magnets. Furthermore, strong interaction between catechol 

and FeMNP resulted in the attachment of FeMNP to DMA-containing microgel and the 

mixture became magnetic as well (Figure S11). Although FeMNP has been previously found 

to have environmental applications52–53, the ability to remove these materials from solution 

will reduce their environmental impacts. Most importantly, these microgels do not contain 

hazardous ROS, which is only generated when the microgel is hydrated in an aqueous 

solution. This material can potentially serve as a lightweight and portable source for on-

demand generation of ROS with simple activation and multifunctionality packed into one 

system.

Conclusions

DMA-containing microgels in combination with FeMNP was demonstrated to degrade and 

reduce the concentration of organic dyes over a wide range of pH (pH 3–9). The generated 

ROS degraded CIP and killed over 90 % of S. aureus and of E. coli. These microgel 

absorbed remove more than 85 % of various metal ions from solution and repurposed the 

absorbed metal ions for dye degradation. EPR spectroscopy confirmed that 1O2 was 

generated when mixing DMA-containing microgel with FeMNP, in a mechanism potentially 

similar to that of metal ion-induced oxidation of catechol.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
FTIR spectra of microgels containing 0–40 mol% of DMA. * indicates peaks associated 

with bending of aromatic C-H bending.
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Figure 2. 
FE-SEM images of dried microgels containing (A) 0, (B) 20, and (C) 40 mol% of DMA. 

Images of swollen microgels containing (D) 0, (E) 20, and (F) 40 mol% DMA visualized 

using a light microscope. Black lines are the scale bars (100 μm).

Zhang et al. Page 15

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
(A) Normalized concentration of dye after incubating with 0–40 mol% DMA microgels (25 

mg/mL) and FeMNP (5 mg/mL) at pH 3 for 24 hours. The concentration was normalized to 

the starting dye concentration or 150 mg/mL. (B) Photographs of dye solutions before (top 

row) and after (after row) incubation with microgels and FeMNP. (C) Percent Rhodamine B 

reduction for different starting concentrations of dye and incubated with 40 mol% DMA 

microgel (25 mg/mL) and FeMNP (5 mg/mL). (D) Reduction of Rhodamine B concentration 

at different pH for dye alone (■) and in the presence of 40 mol% DMA microgel (25 

mg/mL) and FeMNP (5 mg/mL) ( ) after 24-hour incubation, with a starting dye 

concentration of 0.3 mM. (E) Changes in the Rhodamine B concentration as a function of 

time during the incubation with 40 mol% DMA microgel (25 mg/mL) and FeMNP (5 mg/

mL). Red triangles in figure are indicators for those extremely low data value.
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Figure 4. 
Residual of the antibiotic, CIP, with different starting concentrations (0.11 to 0.45 mM) in 

PBS buffer (pH 7.4) after incubating with 40% DMA microgel (25 mg/mL) with and 

without FeMNP (5 mg/mL) for 24 hours. The control contains only CIP. Red triangles 

indicate extremely low values for a given treatment.
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Figure 5. 
(A) Percent removal of metal ions after incubating 40% DMA microgel (25 mg/mL) with a 

solution containing 5–40 mM of different metal ions as determined using ICP-OES. (B) 

Photograph of DMA microgels after absorbing the different metal ions. (C) SEM images 

(top row) and EDS mapping (bottom row) of microgels after metal ion absorption.
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Figure 6. 
Bacteria concentration of (A) S. aureus and (B) E. coli after incubating with FeMNP (2 mg/

mL), 40 mol% DMA microgel (10 mg/ mL), or the combination of the two for 4, 8, and 24 

hours. The untreated control was the bacteria incubated in broth over the same periods. 

*p<0.05 when compared between two groups.
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Figure 7. 
LIVE/DEAD fluorescence images of S. aureus (A and B) and E. coli (C and D) after 24-

hour incubation at 37 °C and pH 7.4 in the absence of (A and C) and in the presence of (B 

and D) 40 mol% DMA microgels (25 mg/mL) and FeMNP (5 mg/mL). Live and dead 

bacteria are stained green and red, respectively.
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Figure 8. 
EPR spectra of 40 mol% DMA microgel (25 mg/mL) and FeMNP (5 mg/mL) for the 

detection of 1O2 in the presence of TEMP at (A) pH 3 and (B) pH 7.4 and O2·− and ·OH in 

the presence of DMPO at (C) pH 3 and (D) pH 7.4.
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Figure 9. 
Free radical generation mechanism of dopamine methacrylamide (DMA) microgel and iron 

magnetic nanoparticle (FeMNP). Catechol in DMA microgel was firstly oxidized into o-

semiquinone. The electron transfer during this process converted molecular oxygen (O2) into 

superoxide radical (O2·−). o-semiquinone was stabilized by forming metal-catechol 

coordination bond with FeMNP, resulting in the electron transfer of the superoxide radical 

on the highly reactive FeMNP surface and converting it to singlet oxygen.
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Scheme 1. 
(A) During autoxidation, catechol is oxidized to quinone and superoxide radical (O2·−) is 

generated as a byproduct. O2·− can be further converted to the more stable hydrogen 

peroxide (H2O2). (B) During metal ion-mediated oxidation, O2·− is generated when catechol 

is oxidized to o-semiquinone, which subsequently forms metal ion-catechol complex. O2·− 

can be further oxidized into singlet oxygen (1O2) by the metal ion.
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Scheme 2. 
Schematic of the multifunctional DMA-containing microgel with the ability to generated 

ROS. (A) This microgel contains unoxidized catechol moiety. (B) In the presence of 

FeMNP, FeMNP-induced catechol oxidation converts molecular oxygen (O2) into singlet 

oxygen (1O2), which can (C) degrades organic dyes, (D) kills bacteria such as E. coli and S. 
aureus. (E) Catechol can chelate metal ion and remove heavy metal from the solution and 

(F) repurpose the metal ion for ROS generation. (G) The microgel can absorb or degrade 

antibiotic drugs such as ciprofloxacin.

Zhang et al. Page 24

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstrct
	Introduction
	Experimental Methods
	Materials
	Preparation of DMA-containing microgels
	Dye degradation experiments
	Antibiotic removal experiment
	Heavy metal ion absorption
	Antibacterial activity of DMA microgel and FeMNP
	Determination of ROS generation
	Statistical Analysis

	Results and Discussions
	Organic compound degradation and removal
	Metal ion removal
	Antimicrobial properties of DMA microgel with FeMNP
	Generation of ROS

	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Scheme 1.
	Scheme 2.

