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ABSTRACT: The resistance of many bacteria against currently available antimicrobial agents is increasing world-wide at an 

alarming pace. The described structure-activity relationship study was prompted by the extraordinary ability of water-dispersed 

microgels to hydrolyze glycosidic bonds similar to building blocks of the peptidoglycan layer of Gram-positive bacteria. The results 

establish polyacrylate microgels with embedded copper(II) complex as antimicrobial agents. The systematic study reveals that S. 

aureus is susceptible to the microgels, while common commercial agents are found intermediate or resistant. In particular, a micro-

gel with 60 mol% of crosslinking, 
Cu

2
L
P60%, shows intriguing bactericidal activity at 1 µg/mL, while vancomycin requires a 4-fold 

higher dose, i.e. 4 µg/mL, for the same effect. The minimum inhibitory concentration of 
Cu

2
L
P60% was determined as low as 

0.64µg/mL. Excellent stability of the poly(acrylate) microgels was observed by negative zeta potentials in nanopure water and 

aqueous sodium dodecyl sulfate solution. The composition of the microgel matrix with embedded binuclear metal complex was 

shown to be responsible for the antimicrobial activity, while the aqueous buffer-surfactant solution is not.  

1. Introduction 

Antimicrobial resistance is increasing worldwide at an 

alarming pace.
1
 Growing numbers of bacteria evade currently 

available antibiotics rendering their continued use ineffective. 

In fact, the resistance of bacteria against currently available 

drugs is increasing faster than the development of new antimi-

crobial agents.
2
 Approaches focusing on synthesizing new low 

molecular weight antibiotics are unfortunately likely to give 

similar results due to fast adaption and evolution of the target-

ed bacteria, with the potential to magnify rather than mitigate 

the problem. Along with a responsible use of currently availa-

ble drugs, new strategies,
1, 3

 compounds,
4
 and compound clas-

ses are needed that are unlikely to trigger further expansion of 

bacterial resistance.
1
 A promising strategy in this regard is the 

development of new antibiotic agents based on nanostructured 

surfaces,
5
 block copolymer micelles,

6
 gels,

3
 and nanoparticles

3
 

for which the classic resistance mechanisms of bacteria are not 

evident at this time.
1, 4, 7

 Among these, micro- and nanogels are 

particularly appealing as cross-linked gels are demonstrated to 

function as carriers for antimicrobial peptides,
8
 hydrophilic 

drugs,
9
 metal ions,

10
 and low molecular weight antibiotics.

11-13
 

In a previous study, we developed biomimetic microgel cat-

alysts that show a remarkable ability to hydrolyze glycosidic 

bonds under physiological conditions surpassing the perfor-

mance of catalytic antibodies.
14

 The spherical, water-dispersed 

microgels (Figure 1) are synthesized from miniemulsions that 

are obtained by ultra-sheering of monomer mixtures in aque-

ous solutions.
15-18

 A pre-polymerization mixture typically con-

sists of ethyleneglycol dimethacrylate (EGDMA, 1) as a cross-

linking agent, butyl acrylate (BA, 2) as a monomer, and 

VB(bpdpo) (3) as a pentadentate backbone ligand (Chart 1).
14

  

 

Figure 1. Schematic representation of the microgel architecture 

 

Chart 1. Structures of monomers in a typical microgel synthesis 

The monomer mixtures yield stabilized droplets after ultra-

sheering in presence of a hydrophobe in an aqueous buffer-

surfactant solution. The subsequent polymerization captures 

these droplets without alteration of their size as micro- or 

nanogels.
17-18

 The immobilized ligand is usually transformed 

in-situ into a binuclear metal complex by addition of cop-

per(II) acetate prior to polymerization.
15, 19-20

 To prevent inter-

ference of the paramagnetic copper(II) ions with the radical 

polymerization, mannose and other counter ions are added to 



 

the pre-polymerization mixture in aqueous buffer-surfactant 

solutions.
15

 The procedure saturates the metal complex core 

during material synthesis and prevents metal ion leakage and 

interference with the polymerization reaction. The resulting 

microgels have a size between 204 nm (5 % crosslinked) and 

270 nm (80% crosslinked).
21

 

When exploring the substrate scope of the developed micro-

gel catalysts, a surprisingly efficient catalytic hydrolysis of 4-

methylumbelliferyl N-acetyl--D-glucosaminide (4) was noted 

(Chart 2).
22

 Model substrate 4 has the same amino sugar moi-

ety and -glycosidic linkage as N-acetylmuramic acid (5) and 

N-acetylglucosamine (6) (Chart 2), which are building blocks 

in the peptidoglycan layer of the bacterial cell wall of Gram-

positive bacteria.
23

 Intrigued by this observation, we exposed 

Staphylococcus aureus as a model for other Gram-positive 

bacteria to the developed polyacrylate microgels. The results 

of the study establish antimicrobial activity of the microgels 

with immobilized metal complex and demonstrate susceptibil-

ity of the bacteria to this class of antimicrobial agents. Details 

of the conducted structure-activity relationship study disclos-

ing contributions of microgel composition, size, and zeta po-

tential toward the observed minimum inhibitory concentration 

(MIC) and minimal bactericidal concentration (MBC) are dis-

cussed below. 

2. Results and discussion 

The antimicrobial activity of water-dispersed microgels 

against Staphylococcus aureus (ATCC® 25923™) is obtained 

using broth microdilution assays as outlined by the Clinical 

and Laboratory Standards Institute (CLSI).
24

 In short, the min-

imum inhibitory concentration is determined for each microgel 

in 96-well plate assays. All assays are performed with S. aure-

us bacteria in their mid-exponential growth phase in Mueller 

Hinton broth with two independent inoculums at a final con-

centration of 2.5 × 10
5
 CFU/mL each. The concentration of 

each bacterial suspension is determined immediately prior to 

use and adjusted to the absorbance reads of a 0.5 McFarland 

standard at 625 nm with broth medium to account for a con-

centration of the bacterial suspension of 1 × 10
8
 CFU/mL.

24-26
 

Purity and growth controls are included on each plate. The 

microgels are used in nominal concentrations between 0.03 

and 16 µg/mL that are based on the experimentally determined 

amounts of immobilized ligand (L = VBbpdpo (3)).
15

 Due to 

slight turbidity apparent after addition of the microgel disper-

sions to the broth-containing wells, changes in absorbance are 

recorded for each well at 595 nm using UV/Vis spectroscopy 

over 18 to 24 h in 2 h time intervals. MIC values are deter-

mined for each microgel concentration by linear regression of 

the differences in absorbance reads recorded for the time of 

steady state of bacterial growth compared to time zero. Steady 

state of bacterial growth is typically reached after incubation 

of the plates for 8 to 12 hours.  

Microgels with a crosslinking content between 5 (
Cu

2
L
P5%) 

and 80 mol % (
Cu

2
L
P80%) show MIC values between 0.93 and 

0.64 µg/mL (Table 1, entries 1-5). Thus, the antimicrobial 

activity increases with the crosslinking content of the micro-

gels and levels out when 60 mol% or more of EGDMA are 

used during material synthesis (Figure 2). All determined 

MIC values for the polymers are below the breakpoint of 2 

µg/mL indicating susceptibility of the selected S. aureus strain 

to the microgels as antimicrobial agents.
24

 To determine the 

building blocks in the modular synthesis of the microgels that  

 

Chart 2. Structures of model substrate (4) and building blocks (5) 

and (6) of the peptidoglycan in cell walls of Gram-positive bacte-

ria. 

Table 1. Minimum inhibitory concentrations of microgels, 

control agents, and commercial low molecular weight antibiot-

ics against Staphylococcus aureus (ATCC
®
 25923™). 

Entry Antimicrobial agent MIC [µg/mL] 

Microgels  

1 Cu
2
LP5% 0.93 ± 0.01 

2 Cu
2
LP25% 0.72 ± 0.01 

3 Cu
2
LP40% 0.68 ± 0.02 

4 Cu
2
LP60% 0.64 ± 0.01 

5 Cu
2
LP80% 0.64 ± 0.01 

Controls  

6 LP60% 0.67 ± 0.03 

7 SP60% 0.77 ± 0.02 

8 Cu2bpdpo 395 ± 5 

9 Cu(OAc)2 ≥ 513 

10 EGDMA (1) ≥ 270 

11 BA (2) ≥ 80 

12 SDS 122 ± 1 

13 SDS/CAPS 128 ± 3 

Commercial antibiotics 

14 Vancomycin (7) 2.4 ± 0.2 

15 Benzalkonium chloride (8) 3.6 ± 0.2 

16 Chloramphenicol (9) 6.1 ± 0.1 

17 Sulfamethoxazole (10) 26.0 ± 0.5 

cause the observed antimicrobial activity, a series of control 

experiments is conducted (Table 1, Entries 6-17, Figure 3). 

As all microgels are subject to 20 dialysis cycles for purifica-

tion prior to use in antimicrobial assays, residual hydrophobes, 

salts, sugar counter ions, and unreacted monomers of the syn-

thesis are thereby quantitatively removed. The resulting mi-

crogels contain 0.5 mol% of immobilized Cu(II) complex in 

an aqueous CAPS buffer solution with SDS surfactant.
14-15, 21-

22, 27
  

Most notably, the microgel 
Cu

2
L
P60% (Table 1, Entry 4) 

shows a 617-fold higher antimicrobial activity than its low 

molecular weight analog, the binuclear copper(II) complex 

Cu2bpdpo (Table 1, Entry 8). Based on the known stability 

constant of the complex (Ka = 10
17

 M
-2

)
19

 and the concentra-



 

tion of the immobilized VBbpdpo (3) ligand (8.75 × 10
-4 

M), a 

concentration of 0.013 µg/mL of free Cu(II) ions leaching 

from the complex was calculated. However, the MIC value of 

free Cu(II) ions is larger than 513 µg/mL (Table 1, Entry 9) 

indicating that free Cu(II) ions are not a likely source of the 

observed antimicrobial activity of the microgel 
Cu

2
L
P60%. 

Likewise, unreacted monomers that may have not been re-

moved during the excessive dialysis cycles are not a source for 

antimicrobial activity of 
Cu

2
L
P60% (Table 1, Entries 10 and 11). 

A comparison of the MIC value of 
Cu

2
L
P60% to its metal ion-

free analog 
L
P60% (Table 1, Entry 6) indicates a small contribu-

tion of the copper(II) content to the overall observed activity 

of 
Cu

2
L
P60%. Similarly, the contribution of the immobilized 

ligand to the overall observed activity of 
Cu

2
L
P60% is small, yet 

apparent when comparing microgels that contain equal 

amounts of VBbpdpo (
L
P60%) and styrene (

S
P60%) (Table 1, 

Entry 7). The antimicrobial activities of the aqueous SDS sur-

factant and CAPS/SDS solutions are rather low as well (Table 

1, Entries 12 and 13) indicating that the observed antimicrobi-

al ability of 
Cu

2
L
P60% is due to the microgel itself and not due to 

the surfactant used during material synthesis. Our observations 

are in line with remarks of others that note antimicrobial activ-

ity of SDS solutions with concentrations above 100 µg/mL,
28

 

and above 3 wt%.
29

 The MIC value of SDS solutions has been 

described as 1 mM (= 288 µg/mL),
30

 which is even higher than 

the MIC value determined in our study. The selected strain of 

S aureus is thus already defined as resistant against the chosen 

surfactant by others. Nevertheless, SDS solutions of high con-

centrations are known to lyse the bacterial membranes, result-

ing in leakage of cytoplasmic components, and concomitant 

cell death.
30

 Given this series of experimental evidence, we 

ascribe significant contributions of the observed antimicrobial 

activity of microgel 
Cu

2
L
P60% to its polyacrylate matrix sur-

rounding the immobilized metal complex. A similar effect was 

observed upon incorporation of vancomycin onto dextran na-

noparticle surfaces,
31

 albeit the improvement of the MIC value 

upon conjugation was only 2-fold when compared to the un-

conjugated agent (MIC = 1 µg/mL). 
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Figure 2. MIC values of microgels Cu
2

LP5-80% as a function of 

their crosslinking content. 

 

Figure 3. MIC values of microgel Cu
2
LP60% and control agents 

 

Figure 4. Growth of S. aureus after exposure to microgel 
Cu

2
L
P60% and vancomycin (7) in Petri dishes (Ø 60 mm) 
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Other control experiments include assessments of common 

low molecular weight agents against the selected S. aureus 

strain with the developed assay. The observed antimicrobial 

activity (Table 1, Entries 14-17) is comparable to that de-

scribed in the literature, i.e. MIC = 0.5-2 µg/mL for vancomy-

cin (7),
32-35

 2-16 µg/mL for benzalkonium chloride (8),
36-39

 

3.91-16 µg/mL for chloramphenicol (9),
40-41

 and 25-32 µg/mL 

for sulfamethoxazole (10).
42-43

 In our assay, the S. aureus 

strain is thus not susceptible, but intermediate and even re-

sistant to these commercial agents, while it is susceptible to 
Cu

2
L
P60% (Figure 3) and all other microgels (Table 1). This 

observation offers opportunities for the designed microgels as 

antimicrobial agents at occasions, where standard drugs fail to 

show the desired activity. 

To highlight the antimicrobial activity of the microgels in 

comparison to the commercial agents further, their minimal 

bactericidal concentration is determined. The cell viability is 

observed after re-plating of cell suspensions after exposure to 

microgels and commercially available antimicrobial agents in 

different concentrations over 18 h. The MBC is determined 

from the observed cell growth and lack thereof after incuba-

tion for additional 24 h. Imaging the cell growth of bacterial 

suspensions after exposure to 
Cu

2
L
P60% and vancomycin (7) at 

concentrations between 0.5 and 8 µg/mL reveals bactericidal 

activity of the microgel at 1 µg/mL, while the MBC of  is 4 

µg/mL (Figure 4). In more detail, the growth of separate S. 

aureus colonies is visible for a plate growing cells exposed to 

0.5 µg/mL of 
Cu

2
L
P60%, while a lawn-like growth of the bacte-

ria is observed for corresponding Petri dish plates with expo-

sure to  at 0.5, 1, and 2 µg/mL. The results indicate a 4-fold 

higher bactericidal activity of the microgel than for 7. Subse-

quently, the exposure time of the microgel to the bacteria was 

shortened to 0, 1, 2, 4, 6, 10, 14, and 18 h using 
Cu

2
L
P60% at its 

bactericidal concentration of 1 µg/mL in otherwise identical 

assays. To avoid antimicrobial carry-over, all aliquots taken 

from the bacteria suspensions are diluted by 1 : 50 with 0.9 % 

saline solution prior to plating. The apparent bacterial growth 

after 24 h of incubation  at 37 °C indicates bactericidal activity 

of the microgel at this concentration after 1 h or less (see Sup-

porting Information, Figure S6). 

All other microgels show bactericidal activity comparable to 
Cu

2
L
P60%. SDS and SDS/CAPS solutions are bactericidal at 234 

µg/mL indicating again that the observed activity is due to 

features of the microgel, and not due to the aqueous buffer-

surfactant solution. Furthermore, benzalkonium chloride (8) is 

bactericidal at 4 µg/mL, chloramphenicol (9) at 512 µg/mL, 

and sulfamethoxazole (10) above 512 µg/mL. The low molec-

ular weight complex Cu2bpdpo remains bacteriostatic at 512 

µg/mL indicating again contributions of the matrix to the 

overall observed antimicrobial activity of the microgels with 

embedded binuclear copper(II) complex. 

Therefore, microgel 
Cu

2
L
P60%, its copper ion-free derivative 

L
P60%, and ligand-free analogs 

S
P60%, P60%, and PETA30% were 

characterized in their hydrodynamic diameter and zeta-

potential (Table 2). The latter microgel contains 30 mol% of 

crosslinking PETA (11) in place of 60 mol% of EGDMA in 

P60% and was synthesized using previously developed proto-

cols (Chart 3).
15

 Due to the structure of the selected mono-

mers, P60% and PETA30% have the same nominal degree of 

crosslinking, yet the microgels contain different amounts of 

linear chain-forming butyl acrylate (2).  

The hydrodynamic diameter of the microgels is between 

243 nm for P60% and 275 nm for PETA30%. The particle distri-

bution is monomodal and the dispersity moderate (Figures 

S4-5). Notably, the zeta potential of all microgels is strongly 

negative (-80 - -90 mV) in aqueous SDS solution indicating 

excellent stability of the colloidal particles. Similar observa-

tions are made by others for related microgels.
44-46

 The stabil-

ity of the colloids increases even further with immobilization 

of a ligand, of styrene, and after coordination of copper(II) 

ions, and extends to microgel dispersions in nanopure water as 

well (Figure 5). The observations suggest an increase of the 

electrical potential between Stern and diffusion layer around 

the particles due to these changes in the microgel composition 

that enhance their colloidal stability. The corresponding anti-

microbial activity of the microgels is highest for 
Cu

2
L
P60% (vide 

infra), although a correlation to its hydrodynamic diameter and 

zeta potential is not apparent. 

Table 2. Size and zeta-potential of selected microgels 

Entry Microgel Dh [nm] SDS [mV] H2O [mV] 

1 P60% 243 ± 1 -80.3 ± 2.2 -63.4 ± 1.0 

2 Cu
2
LP60% 253 ± 3 -84.7 ± 2.0 -62.7 ± 1.4 

3 LP60% 253 ± 3 -85.3 ± 0.5 -62.6 ± 1.2 

4 SP60% 261 ± 5 -88.4 ± 2.7 -64.0 ± 1.6 

5 PETA30% 275 ± 7 -89.7 ± 1.5 -69.3 ± 0.5 

 

 

Chart 3. Structures of EGDMA (1) and PETA (11) 
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Figure 5. Zeta potential for microgel Cu
2
LP60% and derivatives  

The minimum inhibitory concentration of the control mi-

crogels without immobilized additives is slightly smaller for 

PETA30% (41 ± 1µg/mL) than for P60% (47 ± 2µg/mL) and 

determined relative to the dry weight of the respective micro-

gels. The results imply that poly(acrylate)s derived from cross-

linking PETA support similar, and maybe stronger, interac-

tions with bacteria than EGDMA due to the altered morpholo-

gy of the resulting microgels. Additionally, the lower amount 

of crosslinker for microgels derived from PETA allows the 
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incorporation of a larger amount of other functional monomers 

and thereby further tuning of material properties. 

In order to obtain preliminary data for the cytotoxicity of 

the developed microgels, THP-1 cells and the microgel 
Cu

2
L
P60% were used in subsequent efforts.

47-50
 In a typical exper-

iment, monocytes were grown in RPMI-1640 medium to a 

density of 1 ×10
6
 cells/mL. Twelve aliquots of these cells were 

exposed to 
Cu

2
L
P60% at its minimal inhibitory concentration 

over 1 h in humid 5 % CO2 atmosphere prior to addition of 

resazurin blue dye and continued incubation over 4 additional 

hours. The viability of the cells was determined by reads of 

fluorescence intensity (8.51 ± 0.3 × 10
6
) and compared to data 

for cells treated similarly in absence of microgel (8.53 ± 0.2 × 

10
6
). The comparison reveals viability of more than 99 % of 

THP-1 cells implying low cytotoxicity of the microgels to-

wards this cell line under the given conditions. In-depth stud-

ies are topic of on-going investigation and will be reported 

soon.  

Conclusions 

The structure-activity relationship study establishes water-

dispersed microgels with immobilized metal complex as 

promising new class of antimicrobial agents that surpass sev-

eral commercially available drugs in their activity. S. aureus is 

susceptible to the polyacrylate microgels, but found interme-

diate and resistant to common low molecular weight antibiot-

ics. The microgel 
Cu

2
L
P60% is nontoxic at its minimal inhibitory 

concentration to human THP-1 cells and bactericidal to S. 

aureus at 1 µg/mL, while the minimal bactericidal concentra-

tion of vancomycin (7) is 4-fold higher, i.e. at 4 µg/mL. Con-

trol experiments reveal a 617-fold increase of antimicrobial 

activity when comparing a low molecular weight binuclear 

copper(II) complex Cu2L to its microgel analog 
Cu

2
L
P60%. Vari-

ations in the crosslinking content of the microgel matrix be-

tween 5 and 80 mol% reveal optimized activity of 0.64 µg/mL 

at 60 mol% of crosslinking. A systematic removal of cop-

per(II) ions and of ligand emphasizes the contributions of the 

immobilized complex to the apparent activity. All microgels 

have a strongly negative zeta potential in aqueous SDS solu-

tion and in nanopure water indicating excellent stability of the 

formed particles. Lastly, a series of control experiments indi-

cates an opportunity to design poly(acrylate) microgels from 

crosslinking PETA with the altered morphology and improved 

antimicrobial activity in future efforts for further development 

of these promising new antimicrobial agents. 

3. Experimental details 

3.1 Instrumentation 

A Digital Sonifier (Branson) with flat cap was used for ul-

trasonication. A medium- pressure lamp TQ 150 (Heraeus 

Noblelight) with a current of 2.0 A, a voltage of 90 V, and an 

outer diameter of 13.50 mm was used for free radical polymer-

izations. Nanopure water at a resistance of 18.2 MΩ was ob-

tained from a Barnstead E-PureTM ultrapure water purifica-

tion system (ThermoScientific). Polymer aliquots were air-

dried using an IKA Dry Block Heater (VWR). Elemental 

analyses of the microgels were obtained from Atlantic Micro-

lab, Atlanta, GA. Hydrodynamic diameters and zeta potentials 

were obtained on a Zetasizer NanoZS with NanoSampler 

(Malvern Panalytical) equipped with a He-Ne laser at a wave-

length of 632.8 nm. All data were acquired and analyzed using 

the supplied Zetasizer Software, version 7.13. UV/Vis absorb-

ances were obtained on a Cary 50 UV/Vis spectrometer (Vari-

an) equipped with WinUV Analysis Suite software, version 

3.0. Bacterial and THP-1 growth was observed on a FilterMax 

F5 Multi-Mode Microplate Reader (Molecular Devices) 

equipped with SoftMax Pro 6 software, version 6.3. Solutions, 

growth media, and pipet tips were sterilized using a Sterilmat-

ic Steam Pressure Autoclave (Market Forge) operated at 121 

°C and 15 psi for 35 min; bacteria were grown using an incu-

bating Mini Shaker (VWR) operated at 240 rpm and 37 °C. 

All bacterial suspensions were handled in a Delta Series Class 

II Type A2 Biosafety Cabinet (Labconco). THP-1 cell suspen-

sions were grown in a Heracell™ VIOS 160i CO2 Incubator 

(Thermo Scientific), and handled in a LabGard NU-407FM-

400 Laminar Flow Biosafety Cabinet (NuAire). 

3.2 Materials 

Spectra/Por membranes (Spectrum Laboratories) with a mo-

lecular weight cutoff (MWCO) of 15,000 were used for dialy-

sis. All pH values were measured after three-point calibration 

using a  250 pH meter (Beckman) equipped with a refillable 

combination pH electrode (ROSS Orion). The electrode had a 

165 mm long epoxy body and a 95 mm long semi-micro tip 

with a diameter of 8 mm. Bottle-top filters (Nalgene) with 500 

mL volume, 0.22 µm pore size and polyethersulfone (PES) 

membrane were used for filtration of aqueous buffer and SDS 

solutions. Zeta potentials were measured in Folded Capillary 

Zeta Cells (Malvern Panalytical); a quartz flow cell (Malvern 

Panalytical) was used to measure hydrodynamic diameter; 15 

and 50 ml sterile clear polypropylene centrifuge tubes with 

conical bottom (VWR) were used for bacterial growth; dis-

posable polycyclical olefin 2.5 mL macro cells with 10 mm 

pathlength (BrandTech) were using when adjusting the bacte-

rial count to a 0.5 McFarland standard; Acrodisc® sterile sy-

ringe filter with 0.2 µm Supor Membrane® (Pall Laboratory) 

were used for sterilization of the metal complex solutions; 

clear, medium binding, flat-bottom, chimney 96-well microlon 

ELISA-plates (Greiner Bio-One) were used for the determina-

tion of minimum inhibitory concentration of antimicrobial 

agents; clear flat-bottom, medium-binding, chimney 96-well 

black polystyrene microplates (Greiner Bio-One) were used 

for cell viability assays; heat-resistant polyester films (VWR) 

were used as adhesives for 96-well plates; a hemocytometer 

with improved Neubauer Bright-Line
TM

 grid and 0.1 mm 

depth (American Optical) was used for manual cell count; and 

sterile, disposable round polystyrene Petri dishes, 15 × 60 mm, 

(VWR) were used for the determination of the minimal bacte-

ricidal concentration of antimicrobial agents. 

3.3 Chemicals.  

Sodium dodecyl sulfate (SDS), styrene, sulfamethoxazole 

(10), and pentaerythritol tetraacrylate (PETA, 11) were pur-

chased from TCI America; ethylenediaminetetraacetic acid 

disodium salt, decane, 2,2’-dimethoxy-2-phenylacetophenone, 

copper(II) acetate monohydrate, sodium hydroxide, pyrocate-

chol, and N-cyclohexyl-3-aminopropanesulfonic acid (CAPS), 

agar, a sterile Fetal Bovine Serum (FBS) solution, and a ster-

ile-filtered antimycotic solution with 10,000 units of penicil-

lin, 10 mg streptomycin and 25 µg amphotericin B per mL 

from Sigma-Aldrich; ethylene glycol dimethacrylate 

(EGDMA, 1) and barium chloride dihydrate from Alfa Aesar; 

butyl acrylate (BA, 2) and neutral aluminum oxide from Acros 

Organics; methanol from EMD Millipore; Sulfuric acid and 

sodium chloride from VWR Chemicals BDH
®
; Ethanol from 

Koptec; benzalkonium chloride (8) from BeanTown Chemi-

cal; chloramphenicol (9) from IBI Scientific; vancomycin 

hydrochloride (7) from VWR Life Science; Mueller Hinton 

broth base from Hardy Diagnostics; Staphylococcus aureus 
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(ATCC
®
 25923™); and Roswell Park Memorial Institute me-

dium (RPMI-1640) from the American Type Culture Collec-

tion; Trypan Blue solution for cell staining from GE 

Healthcare Life Science and a Deep Blue Cell Viability™ Kit 

from BioLegend. THP-1 cells were obtained as a generous gift 

from Steven C. Woods at the U. S. Food and Drug Admin-

istration, Silver Spring, MD. All other chemicals had reagent 

grade or higher, were stored as instructed by the manufacturer, 

and used as received unless noted otherwise.  

EGDMA (1), BA (2), and styrene were purified by filtration 

over neutral alumina immediately prior to use; A 2 mL aliquot 

of PETA (11) was purified by extraction with equal volumes 

of 10 % aqueous sodium hydroxide solution (3x times) and 

nanopure water (3x times). For phase separation, each extrac-

tion was followed by 10 min of centrifugation at 6000 rpm. 

The organic layer was dried with sodium sulfate, centrifuged, 

and used as is. The polymerizable ligand N,N’-bis-((3-(4-

vinylbenzyloxy)-2-pyridylmethyl)-1,3-diaminopropan-2-ol 

(VBbpdpo, 3),
51

 microgels 
Cu

2
L
P5-80%,

15
 and the low molecular 

weight complex N,N’-[bis(2-pyridylmethyl)-1,3-

diaminopropan-2-ol]ato dicopper(II) (μ-acetato) diperchlorate, 

Cu2bpdpo,
52

 were synthesized as described.  

3.4 Microgel synthesis and characterization 

The strategy for the synthesis and characterization of mi-

crogels with VBbpdpo ligand, 
Cu

2
L
P5-80%, was discussed in 

detail previously.
15

 Thus, only experimental details for the 

synthesis and characterization of the microgels 
S
P60%, P60%, 

and PETA30% are given here. 

3.4.1 Microgel
 S

P60%.  

In a typical experiment, a mixture of 0.8343 g (4.209 mmol) 

EGDMA (1), 0.3613 g (2.819 mmol) BA (2) and 0.0212 g 

(0.2036 mmol) styrene was prepared. Three aliquots of 

0.3028-0.3043g monomer mixture were suspended in 9.6016-

9.6036g 52 mM SDS solution with 0.0801-0.0815g decane 

each.  

The suspensions were cooled in ice, sonicated, and pol-

ymerized under UV light after initiation with 10 mol% of 2,2-

dimethoxy-2-phenylacetophenone in the cold as described.
15 

Of the three reaction vessels, one was left undisturbed for 60 

min. Aliquots of the reaction mixtures were taken from the 

other two in regular time intervals over 75 min and treated 

with pyrocatechol to inhibit further polymerization.
15

 The ali-

quots were dried at 60°C to constant weight to determine their 

solid content. The degree of polymerization was determined 

after correction of solid content from the SDS solution to 94% 

at 60 min (see Supporting Information, Figure S1).
15

  

The dry weight of microgel per volume was determined as 

32.9 mg/ml by drying two aliquots of microgel suspension and 

correcting for the weight of SDS before averaging. The weight 

of SDS in the microgel aliquot was determined by drying a 

corresponding aliquot of aqueous SDS solution. The amount 

of styrene was determined as 500 µg/ml of microgel suspen-

sion from the amount of styrene in the pre-polymerization 

mixture and the degree of polymerization assuming equal 

polymerization of all monomers. For determination of com-

bustion data, a 1000µL aliquot of the microgel dispersion was 

dialyzed against water 20 times with 1 h intervals, and dried 

on aluminum pans at 60 °C for 48 h; calcd for 
S
P60% C, 62.63; 

H, 7.76; found C, 61.33; H, 7.59. 

3.4.2 Microgel P60% 

In a typical experiment, the microgel was synthesized from 

a mixture of 0.3389g (4.207 mmol) of EGDMA and 0.3604 g 

(2.812 mmol) of BA. After 60 min, the degree of polymeriza-

tion is 98% and the dry weight of the polymer is 31.3 mg/mL. 

Calcd for P60% C, 62.10; H, 7.76; found C, 61.57; H, 7.57; see 

Supporting Information, Figure S2) 

3.4.3 Microgel PETA30%. 

In a typical experiment, the microgel was synthesized from 

a mixture of 0.7486 g (2.125 mmol) of PETA and 0.6290 g 

(5.415 mmol) of BA as described above. The degree of 

polymerization is 94 % at 60 min. The dry weight of the pol-

ymer is 33.8 mg/ml in the microgel suspension at the same 

time. Calcd for PETA30% C, 61.63; H, 7.45; found C, 61.12; H, 

7.13. (see Supporting Information, Figure S3) 

3.5 General procedure for pre-treatment of microgels 

for characterization by size, zeta potential, and antimi-

crobial activity 

Typically, 200 µL aliquots of three microgels are dialyzed 

against 80 mL of aqueous 0.46 mM EDTANa2/ 52 mM SDS 

solution (5x) with 2 h intervals, then 80 mL each of 52 mM 

aqueous SDS solution (15x) with 1 h intervals, and finally 

against 80 mL of 50 mM CAPS/52 mM SDS solution (4x) 

with 2 h intervals. The microgel dispersions are then diluted 

into 2 mL with the same aqueous CAPS/SDS solution.  

For measurements of hydrodynamic diameters, a 200 µL al-

iquot of this stock solution is diluted into 5 mL with 52 mM 

SDS solution; 1 mL of the resulting solution is further diluted 

into 5 mL. The resulting solution is stored at ambient tempera-

ture, and used as is. 

For measurements of zeta potentials, the 200 µL aliquot is 

treated likewise, but diluted with nanopure water. For all mi-

crogels that do not contain VBbpdpo ligand, CAPS-free solu-

tions are used for dialysis and dilutions. 

For determination of antimicrobial activity, microgels with 

VBbpdpo ligand are treated with appropriate volumes of 14 

mM Cu(II) acetate solution after dialysis to reach complete 

ligand saturation prior to dilution of a 400 µL aliquot of the 

stock solution into 2 mL with aqueous 52 mM SDS/50 mM 

CAPS solution. The ligand concentration of the resulting mi-

crogels dispersions is typically 0.10-0.15 mM or 64-90 

µg/mL, the dry weight of the microgels is 6.0-6.5 mg/mL.  

3.5.1 Determination of microgel size 

Hydrodynamic diameters were obtained using a measuring 

angle of 173° for back scattering of the samples at 20 °C after 

an equilibration time of 120 s before the first measurement. 

The data were recorded for settings of the material as a poly-

styrene latex with a refractive index of 1.590, an absorption of 

0.010, and nanopure water as the dispersant. Each sample was 

measured in triplicate as an average of 10 accumulations each 

over 10 s duration without delay between measurements. The 

reported hydrodynamic diameters are given as an average of 

the resulting data. 

3.5.2 Determination of microgel zeta potential 

Zeta potential data were obtained for samples at 20 °C after 

an equilibration time of 120 s before the first measurement. 

The data were recorded for settings identical to those de-

scribed above. Each sample was measured in triplicate as an 

average of 20 accumulations without delay between measure-

ments. The reported zeta potentials are given as an average of 

the acquired data.  
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3.6 Broth microdilution assays 

Following the guidelines from the Clinical and Laboratory 

Standards Institute,
24

 sterile Mueller Hinton (MH) broth, 

Mueller Hinton agar plates, and a 0.5 McFarland standard 

were prepared (see Supporting Information).
25-26, 33

 The pur-

chased bacterial S. aureus slab (ATCC
®
 25923™) was trans-

ferred into culture starters in Muller-Hinton medium as rec-

ommended by the manufacturer. Typically, 500 µL aliquots of 

these starter cultures are flash frozen in liquid nitrogen and 

stored at -20 °C until use. 

3.6.1 Bacteria growth 

In a typical experiment, culture starters of S. aureus are 

thawed and propagated with shaking in 5 mL Mueller-Hinton 

both at 37 °C. After 5 h, a 500 µL aliquot of the inoculum is 

serially diluted into Mueller-Hinton broth (500µL20mL; 

110mL; 110mL; 110mL). Subsequently, a 50 µL ali-

quot of the diluted bacteria suspension is plated on Mueller-

Hinton agar in Petri dishes and incubated at 37 °C. 

After 24h, 7-10 well-isolated colonies are re-suspended in 4 

mL of Mueller-Hinton broth. About 3 mL of this suspension 

are transferred into a UV/Vis cuvette and matched by optical 

density reads at 625 nm and 37°C to a 0.5 McFarland standard 

by further broth addition. The nominal bacterial concentration 

of the resulting suspension is 1 × 10
8
 CFU/mL. Finally, a 50 

µL aliquot of the standardized bacterial suspension is diluted 

volumetrically into 10 mL with Mueller Hinton broth to a 

nominal concentration of 5 × 10
5
 CFU/mL of S. aureus and 

used. Typically, two independent bacteria cultures are grown 

in parallel. 

3.6.2 Microgel preparation 

In a typical experiment, 754 µL of microgel 
Cu

2
L
P60% that is 

84.9 µg/mL in ligand concentration (see 3.5 above) are diluted 

into 1 mL volumetrically with Mueller-Hinton broth yielding a 

microgel dispersion that is 64 µg/mL in ligand concentration. 

The microgel dispersion is steam-sterilized, cooled, and stored 

at ambient temperature until use. All other microgels are treat-

ed likewise (see Supporting Information). 

3.6.3 Assay preparation 

With each of the independent bacteria cultures, four antimi-

crobial agents are evaluated in one 96-well plate assay. Initial-

ly, all wells are filled with 100 µL of Mueller Hinton broth. 

Then, 100 µL aliquots of selected antimicrobial agents are 

added to the first column to the left on the plate in landscape 

orientation and mixed. A 100 µL aliquot of the mixture is 

transferred to the right and treated likewise until reaching col-

umn 10. The 100 µL aliquot of column 10 is not transferred to 

column 11, but disposed. Finally, 100 µL aliquots of the bac-

terial stock solution are added to the first column to the left 

and treated likewise until column 10. A 100 µL aliquot of 

bacteria is added to column 11 as a growth control, while col-

umn 12 contains broth only and functions as purity control in 

the assay. The nominal concentration of each well containing 

bacteria is 2.5 × 10
5
 CFU/mL. Typical concentrations of the 

antimicrobial agent range between 0.03 and 16 µg/mL. 

3.6.3 Data collection 

The prepared 96-well plate was sealed with an adhesive 

heat-resistant film, exposed to orbital shaking for 2 min, and 

incubated at 37 °C. The bacterial growth was monitored by 

absorbance reads after additional 30 s orbital shaking at 595 

nm over a time period of 18-24 h in 2 h intervals. 

3.6.4 Data analysis 

All incubated 96-well plates with evidence for bacteria in 

the purity control columns were disposed and not analyzed. 

Due to the slight turbidity of the microgel suspensions in the 

Mueller Hinton broth, analysis of bacterial growth on the 

plates by naked eyes is limited and used as an estimate. In 

addition, the recorded absorbance reads were analyzed by 

linear regression.  

Along these lines, recorded absorbance data for steady state 

of bacteria growth are corrected for initial absorbance of the 

mixtures at time zero and plotted against the concentration of 

the selected antimicrobial agent. A linear fit (y=ax+b) was 

applied to the resulting data, and the minimum inhibitory con-

centration deduced at y=0. Data were not considered for anal-

ysis, when the difference in absorbance reads A595 is 0.05 or 

less. MIC values are given as an average of two or more inde-

pendent experiments. 

3.7 Assay to determine minimal bactericidal concentra-

tions 

Typically, 50 µL aliquots of three or more cell cultures ex-

posed to different concentrations of the antimicrobial agent in 

broth microdilution assays were spread over separate Mueller-

Hinton agar plates and incubated at 37 °C. After 24 h, the 

plates were examined for bacterial growth with the naked eye 

and imaged. The minimal bactericidal concentration of an 

antimicrobial agent was assigned to the lowest concentration 

that inhibits regrowth of bacteria. 

3.8 Assay to estimate the required exposure time for 

bactericidal activity 

The experimental set-up in 96 well-plates and the nominal 

bacterial concentration are identical to the conditions de-

scribed for assays to determine the minimal bactericidal con-

centrations. In a typical experiment, 50 µL aliquots of cell 

cultures exposed to 
Cu

2
L
P60% at 1 µg/mL for 0, 1, 2, 4, 6, 10, 

14, and 18 h were diluted with 0.9 wt% saline solution and 

spread over separate Mueller-Hinton agar plates. After 24 h of 

incubation at 37 °C, the plates are examined for bacterial 

growth with the naked eye and imaged. The minimal exposure 

time for antimicrobial activity of 
Cu

2
L
P60% is then deduced from 

the plate inhibiting regrowth of bacteria. 

3.9 Cytotoxicity assay 

3.9.1 Cell growth 

THP-1 monocytes were grown in 40 mL suspensions over 4 

days at 37 °C in a humid atmosphere containing 5% of CO2 in 

a medium consisting of 89 % (v/v) of RPMI-1640, 10 % (v/v) 

of FBS, and 1 % (v/v) of an antibiotic antimycotic solution. 

Immediately prior to use, the cells were centrifuged at 1200 

RPM (337 × RCF) for 10 min to replace the supernatant by 

equal volumes of new medium. Using a manual hemocytome-

ter, a typical count of 1 × 10
6
 cells/mL is observed in a sus-

pension containing equal volumes of cell culture and trypan 

blue solution. 

3.9.2 Microgel preparation 

In a typical experiment, 755 µL of microgel 
Cu

2
L
P60% that is 

84.9 µg/mL in ligand concentration (see 3.5 above) are diluted 

into 5 mL with nanopure water volumetrically yielding a mi-

crogel dispersion that is 12.8 µg/mL in ligand concentration. 

The dispersion is steam-sterilized, cooled, and stored at ambi-

ent temperature until use.  
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3.9.3 Assay preparation.  

In a 96-well plate assay, 10 µL of microgel suspension are 

added to 12 aliquots of 190 µL of cell culture each. After 1 h 

of incubation under cell growth conditions, 20 µL (10 volume 

%) of resazurin fluorescent dye are added, and the incubation 

continued for additional 4h. For a control experiment, the cell 

growth was observed in a likewise-prepared assay while sub-

stituting the microgel suspension by medium.  

3.9.4 Data collection and analysis  

The fluorescence of the added dye marks the viability of the 

cells and was recorded as intensity in arbitrary units at 595 nm 

(excitation at max = 535 nm) and 37 °C after 10 min of equili-

bration as endpoint read with an integration time of 400 ms 

from the bottom of the plate. The obtained data were averaged 

for all 12 aliquots per experiment. The cell viability was de-

duced as percent value from a comparison of averaged intensi-

ty data for microgel-containing and microgel-free experi-

ments. The data are given as an average of two independent 

sets of experiments.  
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