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1 |  INTRODUCTION

The majority of bacteria naturally reside in accumulations 
called biofilms, which exhibit a substantially increased tol-
erance toward antimicrobials compared to free-floating cells 
(Hall & Mah, 2017; Venkatesan, Perumal, & Doble, 2015). A 
biofilm is a community of bacteria that have adhered to a sur-
face, either biotic or abiotic. Once attached, cells begin to se-
crete extracellular polymeric substances (EPS) composed of 
extracellular DNA, polysaccharides, and proteins. The EPS 
traps nutrients and water within the biofilm, allowing cells to 
mature under nutrient rich conditions while being protected 
from desiccation, host immune defenses, and antimicrobial 
agents (Costerton, Stewart, & Greenberg, 1999; Flemming 
& Wingender, 2010; Malheiro & Simões, 2017; Walters, 
Roe, Bugnicourt, Franklin, & Stewart, 2003). As a conse-
quence of these defense mechanisms, biofilms are associated 

with three out of four microbial infections in the body and 
are responsible for around 1.7 million hospital-acquired in-
fections per year (Khatoon, McTiernan, Suuronen, Mah, & 
Alarcon, 2018), resulting in nearly 100 thousand deaths an-
nually in the United States (Bryers, 2008).

One factor leading to the resilience of biofilm-mediated 
infections can be retarded penetration of charged antimicro-
bial agents due to binding by the robust EPS matrix, thereby 
hindering complete access throughout the biofilm (Campanac, 
Pineau, Payard, Baziard-Mouysset, & Roques,  2002; 
Davenport, Call, & Beyenal, 2014; Donlan & Costerton, 2002; 
Flemming et  al.,  2016; Stewart,  2015). Another more im-
portant obstacle in treating biofilms is the dormancy of cells 
within the interior, due to low levels of nutrients and oxygen. 
This reduced activity cell state is less susceptible to conven-
tional antibiotics, which work best on actively dividing cells 
(Conlon et al., 2013; Stewart, 2002). The inability of common 
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antimicrobials to overcome biofilm tolerance has created an 
urgent need for novel, efficacious anti-biofilm agents.

Prodrug strategies have been effectively used to mod-
ify a wide array of structurally diverse pharmaceuticals 
to improve their physicochemical, pharmacokinetic, sol-
ubility, and biopharmaceutical properties, or to circum-
vent issues such as premature drug metabolism (Forde & 
Devocelle,  2015; Peeters et  al.,  2016; Pereira de Sousa & 
Bernkop-Schnurch,  2014; Rautio et  al.,  2008; Wu,  2009). 
This is achieved through the incorporation of bio-revers-
ible functional groups, which will be cleaved enzymatically 
upon delivery of the drug to the active site. A variety of 
structurally diverse functional groups have been employed 
for this purpose, including phosphates, hemisuccinates, ary-
loxyphosphoramidates, phosphonooxymethyls, carbamates, 
aminoacyl conjugates, ethers, and esters (Patil et al., 2015; 
Ueda et al., 2003; Walther, Rautio, & Zelikin, 2017). To tar-
get a biofilm, an ideal prodrug would partition from the bulk 
aqueous phase into the biofilm, where it would be concen-
trated and retained. This functionality could allow a small 
amount of antimicrobial agent to be added to the bulk water 
and effectively deploy to biofilm-impacted surfaces.

Ester functional groups, in particular, are employed to en-
hance lipophilicity and thus membrane permeability (Beaumont, 
Webster, Gardner, & Dack, 2003; Ettmayer, Amidon, Clement, 
& Testa,  2004; Ma et  al.,  2017), and are used both in phar-
maceuticals (Rautio et  al.,  2008) and intracellular fluorescent 
dyes such as Calcein blue AM (Huitink, Poe, & Diehl, 1974; 
Stabnis, 2010). This labile (acetoxy)methyl (AM) coumarin de-
rivative passively crosses the cell membrane of viable cells where 
it is then converted by esterase cleavage into Calcein blue, which 
is retained within the cell as its Ca+2 chelate, without compro-
mising the cell membrane (Bratosin, Mitrofan, Palii, Estaquier, 

& Montreuil, 2005; Davison, Pitts, & Stewart, 2010). Calcein 
dyes have also been shown to stain biofilms of both Gram-
negative and Gram-positive bacteria such as Streptococcus 
oralis, Streptococcus gordonii, S.  mutans, and Pseudomonas 
aeruginosa as well as endodontic biofilms (Herzog et al., 2017; 
Ohsumi et al., 2015; Perinbam & Siryaporn, 2018; Takenaka, 
Trivedi, Corbin, Pitts, & Stewart, 2008; Wakamatsu et al., 2014). 
We therefore elected to incorporate the “AM” group to modulate 
polarity and cellular retention to increase the antimicrobial po-
tency of small phenols.

In this investigation, we demonstrate that the modest anti-
bacterial activity of simple phenols can be markedly increased 
by the incorporation of iminodiacetate (acetoxy)methyl 
(AM) groups. Differences in potency between the parent 
phenols and prodrugs derivatives were evaluated against both 
planktonic cells and biofilms of the model bacteria S. epider-
midis (35984) and P. aeruginosa (PA01). Both bacteria were 
chosen for their propensity to form biofilms (Büttner, Mack, 
& Rohde,  2015; Ciofu & Tolker-Nielsen,  2019; Sakimura 
et  al.,  2015) and prevalence in hospital-acquired infections 
(Maurice, Bedi, & Sadikot, 2018; Peleg & Hooper, 2010). We 
chose phenols as initial scaffolds to explore and demonstrate 
the AM prodrug strategy since phenols are traditional disin-
fectants and constituents of many antiseptic essential oils. A 
collection of simple phenols consisting of eugenol (Latifah-
Munirah, Himratul-Aznita, & Mohd Zain, 2015) (1f), 4-flu-
orophenol (Zhao & Chen,  2016) (1i), 4-chlorophenol (Liu, 
Thomson, & Kaiser, 1982; Zhao & Chen, 2016) (1j), 2-meth-
yl-4-chlorophenol (Oh et  al.,  2009) (1k), 2-methyl-4-nitro-
phenol (4l), capsaicin (Xing, Cheng, & Yi, 2006) (1h), and 
2,6-dichlorophenol (Liu et al., 1982) (1q) were selected for 
their known antimicrobial properties. Several other phenols 
were also investigated for structure activity comparison.

S C H E M E  1  Phenolic iminodiacetate AM conjugates
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1.1 | Structural considerations

Parent phenols 1a–t were transformed into three basic archi-
tectural motifs corresponding to the structures 2a–o, 3a–c, 
and 4a,b. AM derivatives of the types 2 and 3 were prepared 
by modifications of the classical “phenol-Mannich” conden-
sation (d'Hardemare, Jarjayes, & Mortini, 2004; Marzec, 
Zhang, Zhu, & Schmitt,  2017). The AMs 4a and 4b were 
synthesized by acylation of the corresponding phenols with 
anhydride 5 followed by cesium salt formation and alkylation 

with bromomethyl acetate (Scheme 1). The direct use of an-
hydride 5 as a vehicle for the facile assembly of AM bearing 
chelation constructs is noteworthy. It should be a straight-
forward proposition to employ this strategy for incorporating 
alternative antimicrobials in prodrug scaffolds.

2-Substituted phenolic iminodiacetates are well-known 
for forming chelate structures where the hydroxyl func-
tion is ligated to the metal cation (i.e., Ca+2; d'Hardemare 
et al., 2004; Huitink et  al.,  1974; Kerber, Goheen, Perez, 
& Siegler,  2016; Marzec et  al.,  2017; Schwarzenbach, 

F I G U R E  1  Parent phenols and AM derivatives
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Sallmann, & Komplexone, 1952; Stabnis, 2010; Tarn, Xue, 
& Zink, 2013). In contrast, for iminodiacetates correspond-
ing to 3a–c and 4a/b, internal coordination of the phenolic 
hydroxyl would not be expected. Since the hydroxyl is likely 
responsible for antimicrobial activity, a comparison of in-
stances where chelation is present (e.g., 2a–o) to cases where 
this in not a factor (3a–c and 4a/b) was considered an impera-
tive. The phenols and their corresponding AM derivatives are 
assembled in Figure 1.

2 |  METHODS AND MATERIALS

2.1 | Synthetic reagents and bacteria

All chemical reagents purchased for chemical synthesis were 
purchased from commercial sources and used as received 
without further purification, unless stated in the supplemen-
tary information. Solvents for filtrations, transfers, and chro-
matography were certified ACS grade. HEPES buffer and DE 
broth were purchased from Sigma. Thin-layer chromatogra-
phy was performed on Silicycle Glass Backed TLC plates, 
and visualization was accomplished with UV light (254 nm), 
and/or potassium permanganate. All 1H NMR spectra were 
recorded on a Bruker DRX300. All 13C NMR spectra were 
recorded on a Bruker DRX500, and all NMR data were re-
ported in ppm, employing the solvent resonance as the in-
ternal standard. High-resolution mass spectra (HRMS) were 
obtained with a Bruker micrOTOF-II.

Pseudomonas aeruginosa (PA01 and PA015542) and 
S. epidermidis (35984) were obtained from American Type 
Culture Collection (ATCC). All bacteria were sub-cultured 
onto tryptic soy agar (TSA) plates and incubated at 37°C for 
24 hr. Single colonies were transferred from the plates and 
inoculated into 25 ml tryptic soy broth (TSB) in Erlenmeyer 
flasks. Culture were incubated 37°C for 24 hr and 10 µl of 
culture was transferred into 25  ml of TSB, and the absor-
bance was read at 600  nm using a spectrophotometer and 
standardized to 106–107 CFU/ml.

2.2 | Efficacy of naturally occurring 
phenols and derivatives on inhibiting 
planktonic cells

The minimum inhibitory concentrations (MICs) of all com-
pounds against S.  epidermidis and P.  aeruginosa were de-
termined using a modified 96-well plate assay previously 
described by Xie, Singh-Babak, and Cowen (2012). In short, 
both strains were cultured as described above in TSB and 
150 µl of culture at an optical density to 0.05 at 600 nm was 
aliquoted into the wells of 96-well plates along with 150 µl 
of the compound being evaluated in DMSO. Plates were 

incubated at 37°C for 24 hr in static conditions. The optical 
density was taken via microplate reader at 0 hr and at 24 hr, 
and the difference measured to determine the MIC. Data 
from at least three replicates were evaluated for each com-
pound tested. The same starting concentration of each com-
pound was used for each replicate, and for this reason there 
is no standard error. Samples were diluted in dimethyl sul-
foxide (DMSO), and DMSO controls were also conducted. 
Experiments were done in biological triplicate with technical 
duplicates.

2.3 | Efficacy of naturally occurring 
phenols and derivatives on biofilms

2.3.1 | Minimum Biofilm Eradication 
Concentration plate assays

Both strains were cultured as described above, and biofilms 
were grown in Costar polystyrene 96-well plates at 37°C. 
After 24  hr of incubation, without shaking, the planktonic 
phase cells were gently removed and the wells washed three 
times with PBS. Wells were filled with 150 µl dilutions of 
the compound being evaluated. The 96-well plates were in-
cubated for an additional 24  hr at 37°C. The medium was 
gently removed and each well filled with 150 µl PBS and the 
biofilm broken up through stirring with sterile, wooden rods. 
Three tenfold dilutions of each sample were taken and drop 
plated on TSA plates and incubated for 24 hr. The Minimum 
Biofilm Eradication Concentration (MBEC) was determined 
to be the lowest concentration at which no bacterial growth 
occurred. The same starting concentration of each compound 
was used for each replicate, and for this reason there is no 
standard error. This procedure was modelled based on pre-
viously reported procedures according to Pitts, Hamilton, 
Zelver, and Stewart (2003). Experiments were done in bio-
logical triplicate with technical duplicates.

2.3.2 | Center for disease control (CDC) 
biofilm reactor evaluation

A CDC biofilm reactor was also used to assess potency of 
compounds toward biofilms. American Society for Testing 
and Materials (ASTM) method E2562-17, which describes 
how to grow a biofilm in the CDC biofilm reactor under high 
shear and continuous flow, and ASTM method E2871-13, 
a biofilm efficacy test generally known as the single tube 
method was used for this procedure. Formation of 48 hr bio-
films in a CDC reactor was done on glass coupons (4.02 cm2). 
A CDC reactor containing 340 ml of TSB (300 mg/L) was 
inoculated with 1 ml of a 3.21 × 108 CFU/ml overnight cul-
ture of P. aeruginosa (PA015542), which was grown in TSB 
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(300 mg/L) overnight. The biofilm was grown in batch mode 
at room temperature stirring at 125 rpm for 24 hr to establish 
the biofilm and then for 24 hr at room temperature under con-
tinuous flow with a feed rate of 11.25 ml/min at 125 rpm. The 
continuous feed TSB concentration was 100 mg/L. Coupons 
were then sampled from the reactor in triplicate. The mean 
log reduction in viable biofilms cells exposed to each com-
pound for 1  hr was quantitatively measured according to 
ASTM method E2871-13. After coupons were removed from 
the CDC reactor, they were rinsed and transferred to separate 
50 ml conical tubes and 4 ml of a 100 mM solution of the 
antimicrobial compound being tested in sterile PBS buffer 
was added. The tubes were incubated at room temperature 
under static conditions for 1 hr. After 1 hr, 36 ml Dey–Engley 
neutralizing (DE) broth was added and the biofilm was disag-
gregated by a series of vortexing and sonicating for 30 s each 
in the order of v/s/v/s/v. Each sample was diluted tenfold six 
times and the diluted samples were drop plated on Reasoner's 
2A agar (R2A) agar plates, incubated overnight at 37°C and 
enumerated. Experiments were done in biological triplicate 
with technical duplicates. The mean log reduction was de-
termined for each compound evaluated using the following 
equation:

where A is the average number of CFU before treatment and B 
is the average number of CFU after treatment.

2.4 | Enzyme assay

A 30-microliter solution of bis(acetoxymethyl) 2,2′-((−2-hy-
droxy-5-methoxybenzyl)azanediyl)diacetate (2b) at a con-
centration of 50 µM in acetonitrile was dissolved in a 100 μl 
solution of esterase (from porcine liver 72 units/ml in cold 
HEPES buffer, pH 7.9). The mixture was incubated at 37°C 
for the either 8, 16, or 24 min and then cooled to 0°C to in-
hibit further enzyme activity. The sample was then extracted 
several times with acetonitrile and analyzed via LCMS, with-
out the solvent being evaporated, to determine whether the 
cleaved product was present.

2.5 | Representative chemical 
synthesis procedures

2.5.1 | 2,2′-(2-Hydroxy-3-methoxy-5-
allylbenzylazanediyl)diacetic acid (6g)

A 100  ml round-bottomed flask equipped with a magnetic 
stirring bar N2 inlet and reflux condenser was charged with 

iminodiacetic acid (4.0  g, 30.0  mmol) sodium hydroxide 
(2.46 g, 61.5 mmol) followed by water (30 ml). The reactant 
mixture was stirred until the solids had dissolved and then 
methanol (25 ml), eugenol (4.66 g, 30 mmol), and 37% aque-
ous formaldehyde (2.43 ml, 30 mmol) were added in succes-
sion. The reactant mixture was then heated under reflux under 
N2 for 30 hr. The resulting solution was then cooled in an ice 
bath, and 37% aqueous hydrochloric acid (6.2 g, 62 mmol) 
was added dropwise with vigorous stirring Removal of the 
methanol in vacuo led to the precipitation of the product. 
Subsequent filtration of the resulting slurry followed by wash-
ing of the filter cake with water 5 × 10 ml) and suction dry-
ing provided the title compound as a white powder (7.86 g, 
85%). 1H NMR (500 MHz, DMSO-D6): δ 6.70 (s, 1H), 6.49 
(s, 1H), 5.92 (m, 1H), 5.03 (dd, J = 2.85 Hz, 2H), 3.80 (s, 
2H), 3.73 (s, 3H), 3.41 (s, 4H), 3.24 (d, J = 4.02 Hz, 2H). 
13C NMR (500 MHz, DMSO-D6): δ 172.78, 147.89, 144.54, 
138.54, 130.14, 121.93, 115.86, 112.58, 56.09, 54.52, 53.83. 
HRMS (ESI) calcd for C15H19NO6

− ([M − H]−), 308.1212, 
found, 308.1275 g/mol.

2.5.2 | Diethyl 2,2′-(4-Hydroxy-3,5-
dimethylbenzylazanediyl)diacetate

A 10  ml round-bottomed flask equipped with a magnetic 
stirring bar and a yellow gas-tight cap was charged with di-
ethyl iminodiacetate (568 mg, 3.0 mmol), 2,6-dimethylphe-
nol (366.5 mg, 3.0 mmol), and paraformaldehyde (100 mg, 
3.33 mmol). Anhydrous CH3CN (0.5 ml) and triethylamine 
(34 mg, 0.30 mmol) were then added, and the reactant mix-
ture was blanketed with N2 and sealed. The reactant mixture 
was subsequently stirred at 75°C for 20 hr. Purification of 
the product was achieved by chromatography on silica gel 
(EtOAc/hexane for elution) to furnish the title compound 
(271 mg, 84%). 1H NMR (300 MHz, CDCl3): δ 7.19 (s, 1H), 
6.90 (s, 1H), 4.10 (q, J = 6.0, 4H), 3.69 (s, 2H), 3.45 (s, 4H), 
2.16 (s, 6H), 2.23 (t, J = 6.0 Hz, 2H). 13C NMR (500 MHz, 
CDCl3): δ 170.70, 156.92, 155.04, 153.46, 122.20, 117.35, 
115.75, 61.14, 55.81, 53.87 14.16. HRMS (ESI) calcd for 
C17H25NO5

+ ([M + H]+), 324.1733, found, 324.1806 g/mol.

2.5.3 | 2,2′-(4-Hydroxy-3,5-
dimethylbenzylazanediyl)diacetetic acid (6a)

The crude phenolic iminodiester was dissolved in metha-
nol (5  ml) and transferred to a 25  ml round-bottomed flask 
equipped with a magnetic stirring bar. The stirred solution was 
cooled to 0°C and 8 M aqueous NaOH (1.5 ml, 12 mmol) was 
added dropwise by syringe. The resultant mixture was stirred 
for 22 hr at r.t. and then cooled with stirring using an ice bath. 
Neutralization was then performed by the dropwise addition of 

Log reduction= log10
(

A

B

)
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37% aqueous HCl (1.2 g, 12 mmol) after which the methanol 
was removed in vacuo. The residue was washed with water 
(2 × 5 ml) and then dried in vacuo. Trituration of the residue 
with 2/1 CH3CN/THF (4.0 ml) resulted in the formation of a fine 
powder, which was filtered and washed with water (3 × 2 ml) 
to provide the above iminodiacid as a powder, which was dried 
in vacuo (208 mg, 78%). 1H NMR (500 MHz, DMSO-D6): δ 
6.84 (s, 1H), 6.61 (s, 1H), 3.78 (s, 2H), 3.41 (s, 4H) 2.14 (s, 
3H), 2.10 (s, 3H). 13C NMR (500 MHz, DMSO-D6): δ 172.90, 
153.08, 131.14, 128.09, 127.09, 124.15, 212.46, 55.51, 53.07, 
20.48, 16.18. HRMS (ESI) calcd for C13H17NO5

− ([M − H]−), 
266.1107, found, 266.1140 g/mol.

2.5.4 | Di(Acetoxy)methyl N-(3-Chloro-
4-hydroxyphenyl-1-aminoethanamide)-N,N-
diethanoate (4b)

A 25  ml round-bottomed flask equipped with a magnetic 
stirring bar N2 inlet and reflux condenser was charged with 
2-chloro-4-aminophenol (143.6  mg, 1.0  mmol), morpholine-
1-(acetic acid)-2,6-dione 5 (173.0 mg, 1.0 mmol), and anhy-
drous THF (5 ml). The stirred reactant mixture was heated at 
reflux for 12 hr, cooled, and the solvent was removed in vacuo 
to provide the product as a buff solid in quantitative yield. 
Methanol (3 ml) was added followed by 50% aqueous cesium 
hydroxide (610 mg, 2 mmol). The reactant mixture was stirred 
for 10 min to attained homogeneity. The resulting mixture was 
concentrated in vacuo, and the yellow solid was thoroughly 
dried under high vacuum at 60°C to provide the corresponding 
dicesium salt in quantitative yield. Anhydrous DMF (3 ml) was 
added to the flask, and the stirred reactant mixture was cooled 
to 0°C using an ice bath. Bromomethyl acetate (322 mg, 199 μl, 
2.1 mmol) was added in a dropwise fashion. The reactant mix-
ture was stirred for an additional 12 hr at 23°C as the suspended 
solid became a fine white precipitate. The resulting mixture was 
diluted with EtOAc (15 ml) and extracted with “half-saturated” 
brine (3  ×  7  ml). The organic layer was subsequently dried 
with brine and then concentrated in vacuo. Purification of the 
residue by chromatography on silica gel (EA/Hex 1:1 for elu-
tion) provided the title compound (341 mg, 74%). 1H NMR 
(500 MHz, CDCl3): δ 7.55 (s, 1H), 7.28 (d, J = 7.4 Hz, 1H), 
6.82 (d, J = 7.4 Hz, 1H), 5.82 (s, 4H), 3.74 (s, 4H), 3.53 (s, 2H), 
2.14 (s, 6H). 13C NMR (500 MHz, CDCl3): δ 170.2, 169.58, 
168.43, 153.03, 146.28, 130.45, 129.31, 121.44, 115.67, 79.51, 
59.90, 55.91, 20.66. HRMS (ESI) calcd for C18H21ClN2O10

+ 
([M + H]+), 460.0885, found, 460.1330 g/mol.

3 |  RESULTS AND DISCUSSION

In an initial study presented here, the minimum inhibitory 
concentrations (MIC) and biofilm eradication concentrations 

(MBEC) were evaluated for all parent phenols and their AM 
derivatives toward the Gram-negative bacterium P. aerugi-
nosa and the Gram-positive bacterium S.  epidermidis. AM 
derivatives were typically more potent than their correspond-
ing parent phenols against planktonic cells, apart from 1/2k 
against S. epidermidis (Table 1). We have previously shown 
that the lipophilic phenols 1d (in particular) and 1e are unu-
sually potent toward S. epidermidis (Walsh et al., 2020). The 
observation that 2d exhibits a lower potency compared to 1d 
toward both bacteria may simply be a case where the excep-
tional activity of the parent phenol is ineffectively expressed 
in its AM. On the high end (average over four pairings), AM 
derivatives were 66 times more potent than their phenolic 
counterparts toward S. epidermidis and 16.0 times more po-
tent toward P. aeruginosa in the planktonic phase. These re-
sults are consistent with the cleavage of the AM group via 
intracellular esterase, resulting in cellular retention and intra-
cellular concentration of the phenolic antimicrobial.

Against biofilms, AMs were again more potent than par-
ent phenols with rare exception. Toward biofilms, AM deriv-
atives (high-end average over four pairings) were 9.3 times 
more potent toward S.  epidermidis and 15.0 times more 
potent against P.  aeruginosa. These results provide further 

T A B L E  1  MICs for parent phenols and respective AM 
derivatives against S. epidermidis and P. aeruginosa

Minimum inhibitory concentration (mM)

S. epidermidis P. aeruginosa

Compound Phenol AM Phenol AM

1/2a 1.9 0.1 1.9 0.5

1/2b 3.9 0.9 7.8 1.9

1/2c 15.6 0.23 7.8 1.9

1/2d 0.3 1.9 1.5 3

1/2e 4.5 1.9 7.8 3

1/2f 15.62 0.7 31.2 1.3

1/2g 7.9 0.5 15.6 1.3

1/2h 15.6 1.9 15.6 3.8

1/2i 15.6 0.1 7.8 0.9

1/2j 2.5 0.25 6.2 0.9

1/2k 0.9 1.5 1.9 0.75

1/2l 0.9 0.7 1.9 1.5

1/2m 15.6 7.8 31.2 25

1/2n 0.23 0.12 7.8 0.9

1/2o 0.23 0.023 3.9 0.5

1p/3a 1.9 0.5 1.9 0.1

1q/3b 3.1 0.6 3.9 0.9

1r/3c 125 62.5 125 31.2

1s/4a 15.6 3.9 15.6 1.9

1t/4b 7.8 1.9 15.6 3.9
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confirmation that the addition of an AM group can substan-
tially increase the modest potency of small phenols toward 
both biofilms and planktonic cells. It should be emphasized 
here that the foregoing results strongly support the use of an 
AM-based prodrug approach for increasing antimicrobial ac-
tivities, even though the present compounds are active at high 
micro/low millimolar concentrations. It is expected that the 
potencies of commercially successful antimicrobials will be 
similarly augmented by the use of this strategy.

AMs 2c, 2f, 2j, and 3b were the most potent compounds 
against S. epidermidis biofilms, while AMs 2f, 2k, 2j, and 
3a were most effective in eradicating P. aeruginosa biofilms. 
Exceptions to the predominant trend are 1/2k, 1/2g, and 1/2e 
where parent and AM shared the same MBEC against S. epi-
dermidis and compound 2d where the AM was less potent 
against both bacteria (Table 2). In the cases of 1/2d, 1/2e, and 
1/2k (a chlorophenol), the parent phenol already possessed 
superb activity, with 2d and 2e sharing a highly hydrophobic 
substituent at the 4-position (vide supra; Walsh et al., 2020).

As a control experiment, AM 3d, which lacks a pheno-
lic OH, was among the least potent AM derivatives, with a 
MBEC of 24 mM toward both bacteria. It should be noted 
that many of these AMs possess electron rich aromatic nuclei 
(i.e., 2c [for S. epidermidis], 2f and 3a) whereas the other is 
the simple 4-chloro derivative 2j. The unexpectedly high ac-
tivity of 2f prompted us to investigate capsaicin derivative 2h, 
to probe for a vanilloid receptor component. Unfortunately, 
2h was in no way special in its activity.

It is also interesting to note that the most potent parent 
phenols did not consistently result in the most potent AMs 
against biofilms. Phenols 1d, 1e, 1k, 1j, and 1q were most 
potent toward S. epidermidis, while phenols 1d, 1h, 1k, 1j, 
and 1q were most potent toward P. aeruginosa (Tables 1 and 
2). Out of these six compounds, the only AMs with top po-
tency were 2k and 2j toward S. epidermidis, with 2j and 3b 
most active toward P. aeruginosa. Phenol 1f was among the 
least potent toward both bacteria while 2f was among the five 
most potent toward both bacteria.

AMs 2f and 2j were the most successful compounds 
against biofilms for both types of bacteria. Two isomers of 
2f, 2g, and 3c were also evaluated. However, these isomers 
demonstrated a substantial decrease in potency compared to 
2f. This trend was not seen in parent phenols where 1g was 
the most potent isomer toward S. epidermidis and 1r was the 
most potent isomer toward P. aeruginosa. In parent phenols, 
a dramatic difference in potency was not observed as it was 
with the prodrug derivatives (Table 3).

These results suggest that the positioning of functional 
groups around the aromatic ring can make a dramatic differ-
ence in potency for AM derivatives, which is also observed in 
the isomers 2a and 3a (Table 3). AM 2a has methyl groups is 
the 2 and 4 position while 3a has methyl groups in the 2 and 6 
positions. Here, 2a is more potent toward S. epidermidis and 

3a more potent toward P. aeruginosa (Table 3). This was also 
observed with the corresponding phenols (Table 2).

It was observed that all compounds exhibited a higher 
potency toward planktonic cells when compared to biofilms 
(Tables 1 and 2). Parent phenols were, on average, 26 times 
more potent toward S. epidermidis planktonic cells compared 

T A B L E  2  MBECs for parent phenols and respective AM 
derivatives against S. epidermidis and P. aeruginosa determined via 
Minimum Biofilm Eradication Concentration plate assay

Minimum Biofilm Eradication 
Concentration (mM)

S. epidermidis P. aeruginosa

Compound Phenol AM Phenol AM

1/2a 31.2 6.2 62.5 12.5

1/2b 31.2 12.5 31.2 12.5

1/2c 31.2 3.1 62.5 6.2

1/2d 1.9 12.6 7.5 25

1/2e 6.2 6.2 50 25

1/2f 31.2 2.7 62.5 2.7

1/2g 15.6 15.6 62.5 15.6

1/2h 25 7.8 25 15.6

1/2i 62.5 6.2 31 12.5

1/2j 3.1 2.7 6.2 3.1

1/2k 6.2 6.2 12.5 3.1

1/2l 31 7.8 31.2 12.5

1/2m 50 12.6 50 15.6

1/2n 15.6 7.8 31.2 15

1/2o 31.2 7.8 62.5 15

1p/3a 62.5 25 31.2 1.5

1q/3b 6.2 3 12.5 6.2

1r/3c 62.5 31.2 31.2 15.6

1s/4a 50 15.6 100 15.6

1t/4b 25 7.8 25 12.5

T A B L E  3  MBECs for sets of isomers 2f, 2g, and 3c as well as 2a 
and 3a as determined via Minimum Biofilm Eradication Concentration 
plate assay

Minimum Biofilm Eradication Concentration (mM)

S. epidermidis P. aeruginosa

2a 6.2 3b 12.5

2f 2.7 1b 2.7

2g 15.6 10b 15.6

3a 25 11b 1.5

3c 31.2 12b 15.6
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to biofilms and 10 times more potent toward P. aeruginosa 
in the planktonic state. AM derivatives were on average 55 
times more potent toward planktonic S. epidermidis and 11 
times more potent toward planktonic P. aeruginosa compared 
to the corresponding biofilm states. This was expected due to 
the higher susceptibility of planktonic cells. AMs also experi-
enced a larger disparity in potencies between planktonic cells 
and biofilms than were seen with parent phenols. The latter 
observation is consistent with the ability for the cleaved imi-
nodiacetate to concentrate within cells, a characteristic that 
the parent phenol lacks.

From a structural prospective, the AM series 3a–c, 
wherein the phenolic OH occupies the 4-position, did not 
consistently show either a heightened or muted potency com-
pared to 2a–o, where involvement of the phenolic OH in che-
lation is expected (vide supra). It is nonetheless significant 
that both 3a and 3b exhibited a dramatic increase in potency 
toward P.  aeruginosa. Interestingly, the “non-traditional” 
AMs 4a and b did not show enhanced potency toward either 
bacteria compared to the five most potent “traditional” AMs. 
This could be due to the lengthened distance of the chelating 
moiety from the aromatic ring. As before, however, aromatic 
chlorine substitution did lead to an enhancement of activity 
(4b vs. 4a, Table 4) as would be expected (Suter, 1941).

3.1 | Comparison of AM prodrugs to 
commercial antibiotics

Gratifying as the aforementioned activity enhancements 
were for the prodrug AMs vis a vis their parent phenols, over-
all potencies seldom reached the micromolar range expected 
for modern antibiotics against planktonic cells. To document 
a direct comparison to the present AMs, three commercial 
antibiotics were selected for MBEC evaluation under the 
current assay toward S. epidermidis and P. aeruginosa bio-
films (Table 4). Metronidazole is a nitroimidazole derivative 
that was selected for its use in treating a variety of bacte-
rial infections and has been shown to exhibit activity toward 

biofilms of Helicobacter pylori (Yonezawa, Osaki, Hojo, & 
Kamiya,  2019) and C.  difficile (Vuotto, Moura, Barbanti, 
Donelli, & Spigaglia, 2016). Metronidazole had a MBEC of 
6.2 mM toward S. epidermidis and 50 mM toward P. aer-
uginosa biofilms. Tobramycin is an aminoglycoside that 
was chosen because it has been extensively studied for ef-
ficacy toward P. aeruginosa biofilms and has been clinically 
used in the treatment of cystic fibrosis (Høiby et al., 2019). 
Under our experimental protocol, tobramycin had a MBEC 
of 18  mM toward S. epidermidis and of 0.06  mM toward 
P. aeruginosa biofilms. Nitazoxanide is a broad spectrum 
antiparasitic and antiviral drug that has more recently been 
studied for effectiveness against bacteria (Carvalho, Lin, 
Jiang, & Nathan, 2009; Guttner, Windsor, Viiala, Dusci, & 
Marshall, 2003; Singh & Narayan, 2011). Nitazoxanide has 
also been shown to inhibit S. epidermidis biofilm formation 
(Tchouaffi-Nana et al., 2010). Nitazoxanide demonstrated an 
MBEC of 50 mM toward S. epidermidis and of 3.12 mM to-
ward P. aeruginosa biofilms.

Against S. epidermidis biofilms, several AM compounds 
were more potent than metronidazole and tobramycin. A com-
prehensive table (Table S1) can be found in the supplemen-
tary. All 18 AM prodrugs exhibited a lower MBEC toward P. 
aeruginosa when compared to metronidazole although here, 
tobramycin exhibited the highest potency of all compounds 
evaluated. Similarly, all 18 AM derivatives were more po-
tent toward S. epidermidis when compared to nitazoxanide. 
That several AMs were more potent toward both bacteria 
compared to metronidazole might be anticipated since met-
ronidazole is used to treat anaerobic infections while both S. 
epidermidis and P. aeruginosa are both facultative anaerobes.

In an additional control study, a selected number of imino-
diacetic acids 5a, 5g, 5k, and 5l were evaluated for potency. 
These are the cleaved form of the drug, produced after ester-
ase cleavage (Figure 2). The free iminodiacetates were not 
expected to effectively permeate through the biofilms or cross 
the cell membrane as efficiently as their AM counterparts.

All iminodiacetates were significantly less potent than 
their corresponding AM prodrugs against biofilms (Table 5). 
AMs were, on average, 10 times more potent than the corre-
sponding iminodiacetates against S. epidermidis and 16 times 
more potent against P. aeruginosa biofilms. This also sup-
ports that the AM form of the drug is able to penetrate and 
eradicate cells within a biofilm. In comparison to phenols 5a, 
5g, 5k, and 5l, it was also observed that the corresponding 
iminodiacetates were often less potent (Tables 1 and 5).

In effort to better explore additional synthetic options 
for derivations of iminodiacetate functionalized prodrugs, 
five variations of ester prodrugs (e.g., 6-10f) were synthe-
sized and evaluated against planktonic cells and biofilms. 
This was done in an effort to explore alternative ester vari-
eties as prodrugs. Eugenol (1f) was chosen as the phenolic 
scaffold since its AM (2f) was one of the five most potent 

T A B L E  4  MBECs of 4-phenolic AMs as determined via 
Minimum Biofilm Eradication Concentration plate assay

Minimum Biofilm Eradication 
Concentration (mM)

S. epidermidis P. aeruginosa

Compound Phenol AM Phenol AM

1p/3a 62.5 25 31.2 1.5

1q/3b 6.2 3 12.5 6.2

1r/3c 62.5 31.2 31.2 15.6

1s/4a 50 15.6 100 15.6

1t/4b 25 7.8 25 12.5
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toward biofilms in the initial series (Table 1, vide supra). 
The hemiacytal MEM derivative 10f was selected to in-
crease hydrophilicity, since eugenol itself has low water 
solubility. The simple esters 6/7f were selected since com-
mon ester functionality should be more robust toward es-
terase than the acylal function present in AMs. Acylals 8/9f 
possess butyryl and pivaloyl esters in place of the acetate, 
respectively. These were selected for examining terminus 
variation of the iminodiacetate group. The bis(pivaloyloxy)
methyl ester was also selected due to its use in prodrugs to 
improve bioavailability (Brass, 2002).

Against planktonic cells, prodrug derivative 8f exhibited 
the highest potency against S. epidermidis, while 2f showed 
the highest potency toward P. aeruginosa (Table 6). The ethyl 
and allyl ester derivatives (6f, 7f) were the least potent pro-
drugs overall with MICs of 31.2 mM toward both bacteria. 
Against S. epidermidis 6f and 7f were also less potent than 
the parent phenol (1f) (Figure 3).

Against biofilms, AM 2f had the highest potency against 
both bacteria (Table 7). Compound 7b was the least potent 
toward S. epidermidis while 7e was the least potent toward P. 
aeruginosa. This suggests that AM 2f is either more perme-
able to the biofilm or the ester bonds present in this group are 
more readily cleaved by esterase or both. It is also of interest 
that the hemiacytal 7b showed commendable activity toward 
S. epidermidis.

A CDC Biofilm reactor assay was also used to substantiate 
the comparative efficacy of eugenol (1f) with its correspond-
ing AM derivative (2f) against P. aeruginosa (PA015542). 
Here, unlike the static condition of the 96-well plate, bio-
films were grown in a high shear environment. This method 
increases the biofilm adherence to the surface on which it is 
grown and causes the biofilm to produce a more robust EPS 
(Gloag, Fabbri, Wozniak, & Stoodley, 2020; Stoodley, Cargo, 
Rupp, Wilson, & Klapper, 2002). This method was chosen 
because it has been standardized by the ASTM. Similar to 

F I G U R E  2  Phenolic iminodiacetic acids

Minimum Biofilm Eradication Concentration (mM)

S. epidermidis P. aeruginosa

Compound
Parent 
phenol AM

Iminodiacid 
(5)

Parent 
phenol AM

Iminodiacid 
(5)

1/2/5a 31.2 6.2 125 62.5 12.5 >250

1/2/5f 31.2 2.7 62.5 62.5 2.7 125

1/2/5k 6.2 6.2 62.5 12.5 3.1 125

1/2/5l 31 7.8 62.5 31.2 12.5 31.2

T A B L E  5  MBECs for AM prodrugs 
and cleaved iminodiacetic acids against 
S. epidermidis and P. aeruginosa 
determined via Minimum Biofilm 
Eradication Concentration plate assay

F I G U R E  3  Alternative phenolic iminodiacetate esters
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the static 96-well plate assays, the potency of the AM deriva-
tive (2f) was greater than the parent compound (1f) using the 
CDC biofilm reactor. Eugenol (1f) demonstrated a mean log 
reduction of 1.68 ± 0.12 while its corresponding AM (2f) had 
a mean log reduction of 5.81 ± 0.53. A graph of these data 
can be found in the supplementary materials (Figure  S1). 
This has shown that the AM (2f) is significantly more potent 
than the parent (1f) against biofilms grown in both static and 
high shear environments.

Once AMs have penetrated the biofilm's extracellular 
matrix and the membrane of indwelling cells, they are pre-
dicted to be acted upon by intracellular esterase, liberating 
the active form as the iminodiacetate. The resulting highly 
charged antimicrobial is then entrapped within the cell. The 
observed increase in potency supports that AMs are being 
acted upon by esterase once inside the cell, but additional 
experimentation was also performed to further support this 
hypothesis. According to KEGG genome annotations, P. 
aeruginosa (PAO1) and S. epidermidis (RP62A) contain 
39 and 16 esterases, respectively, as well as other enzymes 
that have been shown to have esterase activity (Foster, 1996; 
Goullet & Picard, 1991). For example, EstA has been shown 
to possess esterase activity in Pseudomonas and is thought 
to be involved the hydrolysis of ester containing compounds 

on the cell surface or in the culture medium (Nicolay, 
Devleeschouwer, Vanderleyden, & Spaepen, 2012; Wilhelm, 
Gdynia, Tielen, Rosenau, & Jaeger,  2007). Here, esterase 
from porcine liver was used because it has been shown to 
readily cleave ester bonds in small organic molecules (Perez, 
Daniel, & Cohen, 2013) as well as antibiotics such as am-
picillin and amoxicillin (Zhou et al., 2019). In order to de-
termine whether esterase will cleave these AM groups, 2b 
was exposed to esterase in vitro and samples were viewed via 
mass spectrometry to determine if the liberated iminodiace-
tate 5b was present (Figure 4).

The AM derivative of 4-methoxyphenol (2b) was exposed 
to esterase in cold HEPES buffer, and LC-MS was performed 
to determine the amount of the liberated product, 2,2′-((2-hy-
droxy-5-methoxybenzyl)azanediyl)diacetate (5b), present. 
The exact mass of 2b is 413.1322 amu, with a predicted [M]− 
of 413.1322 amu and the exact mass of 5b is 267.0745 amu 
with predicted [M – 2H]2− of 132.5366 amu. The exact mass 
of the protonated derivative of 5b is 269.0889 amu with a 
predicted [M + H]+ of 268.0816. Both the mono- and di-an-
ionic product are expected to be present in the esterase ex-
posed samples, which were evaluated.

Spectra were taken of the pure AM compound 2b (A) and 
the liberated derivative 5b (B) (Figure 5). In frame B, both 
peaks for the mono and di-anionic species can be observed. 
The AM 2b was exposed to esterase in HEPES buffer for 8 
(D), 16 (E), and 24 (F) min, extracted, and then analyzed 
via LCMS (Figure 5). The masses of 2b and 5b were found 
were within two decimals of the predicted masses for each 
compound. A control of 2b in HEPE without esterase was 
also included to ensure that HEPE does not influence the 
prodrug (C). This assay has shown that, in vitro, the AM de-
rivatives are, in fact, acted upon by esterase. This suggests 
that the increase in potency is, in part, due to the AM being 
able to penetrate the biofilm and transform within the cell to 
release the iminodiacetate. This is further supported by the 
observation that the iminodiacetates 5a, 5f, 5k, and 5l are 
significantly less active than the corresponding AMs toward 
biofilms. Although an in vivo study has yet to be conducted, 
Calcein AM has been used extensively to successfully stain 
biofilms (Godoy-Santos, Pitts, Stewart, & Mantovani, 2019; 
Ohsumi et  al.,  2015; Tawakoli, Al-Ahmad, Hoth-Hannig, 
Hannig, & Hannig, 2013; Tawakoli et al., 2013; Wakamatsu 
et al., 2014) and the results presented herein strongly support 
the hypothesis that AM derived prodrugs will act via a simi-
lar mechanism.

4 |  CONCLUSION

This investigation has shown that AMs (14 out of 18 
AMs against S. epidermidis and 18 out of 18 AMs against 
P.  aeruginosa) are often significantly more potent than 

T A B L E  7  MBEC (mM) for eugenol (1f) and the alternative 
prodrug derivatives 6–10f compared to AM 2f, determined via 
Minimum Biofilm Eradication Concentration plate assay

Minimum Biofilm Eradication Concentration (mM)

S. epidermidis P. aeruginosa

1f 31.2 1f 62.5

2f 2.75 2f 2.75

6f 31.2 6f 62.5

7f 50 7f 50

8f 15.6 8f 62.5

9f 20.6 9f 41.2

10f 7.8 10f 125

T A B L E  6  MIC (mM) for eugenol (1f) and the alternative 
prodrug derivatives 7a–7e compared to AM 2f

Minimum inhibitory concentration (mM)

S. epidermidis P. aeruginosa

1f 15.6 1f 31.2

2f 0.68 2f 1.3

6f 31.2 6f 31.2

7f 31.2 7f 31.2

8f 0.12 8f 3.9

9f 1.9 9f 15.6

10f 1.9 10f 31.2
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corresponding parent phenols toward biofilm eradication. 
These results strongly support the use of an AM-based 
prodrug approach for increasing antimicrobial activities, 
even though the present compounds are active at high 

micro/low millimolar concentrations. It is therefore ex-
pected that the addition of an AM assembly will substan-
tially increase the antibacterial potency of conventional 
antibiotics toward both planktonic cells and biofilms. On 

F I G U R E  4  Esterase cleavage of AM 2b

F I G U R E  5  Liquid chromatography–mass spectrometry of parent AM 2b before and after exposure to esterase run in negative mode. (a) Pure 
AM derivative 2b, (b) pure protonated derivative of 8c (c) 2b after being exposed to HEPES buffer with no esterase, (d) 2b after being exposed to 
esterase for 8 min in HEPES buffer, (e) 2b after being exposed to esterase for 16 min in HEPES buffer, and (f) 2b after being exposed to esteraes 
for 24 min in HEPES buffer [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com


   | 145WALSH et AL.

the high end (average over four pairings), AM derivatives 
were 66 times more potent than their phenolic counterparts 
toward S. epidermidis and 16.0 times more potent toward 
P. aeruginosa in planktonic assays. Against biofilms, AM 
derivatives (high-end average) were 9.3 times more potent 
toward S. epidermidis and 15.0 times more potent against 
P. aeruginosa. Overall, AM planktonic averages were 
25.40 times toward S. epidermidis and 8.44 times toward P. 
aeruginosa. In the case of biofilms, AMs were on average 
2.9 times more potent toward S. epidermidis and 3.7 times 
more potent against P. aeruginosa. Metal cation chelation, 
to the extent that it may occur in iminodiacetates emergent 
from 2a–o, appears to be a minor factor in the governance 
of antibacterial activity for S. epidermidis, but can sup-
press potency toward P. aeruginosa biofilms (e.g., 2a vs. 
3a). In addition, we have developed an exceptionally direct 
method for the assembly of AM bearing pro-chelation mo-
tifs (i.e., 1 → 4). The utilization of this, and related strate-
gies, for the elaboration of AM prodrugs derived from new 
as well as commercial antimicrobials will be the topics of 
future accounts from these laboratories.
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