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1. Introduction

Bacterial infections are a global chal-
lenge because of the emergence of strains 
resistant to common antibiotics.[1] In the 
2019 World Health Organization (WHO) 
report,[1] bacterial pathogens resistant 
to first-line antimicrobials that are com-
monly found in healthcare facilities were 
considered a top priority. Some of these 
troublesome microorganisms have been 
named the ESKAPE pathogens (Entero-
coccus faecium, Staphylococcus aureus, Kleb-
siella pneumoniae, Acinetobacter baumannii, 
Pseudomonas aeruginosa, and Enterobacter 
spp). Moreover, resistance to antibiotics 
can be especially worrisome in hospital-
acquired infections.[2,3] According to the 
WHO, one effective way to fight these 
infections is controlling the cleanness of 
the medical material and work environ-
ment.[4] Furthermore, surgical implants 
(made of titanium or surgical steel) are 

The colonization of biomedical surfaces by bacterial biofilms is concerning 
because these microorganisms display higher antimicrobial resistance in 
biofilms than in liquid cultures. Developing antimicrobial coatings that can be 
easily applied to medically-relevant complex-shaped objects, such as implants 
and surgical instruments, is an important and challenging research direction. 
This work reports the preparation of antibacterial surfaces via the electrodepo-
sition of a conformal hydrogel of self-assembling cationic peptide-amphiphiles 
(PAs). Hydrogels of three PAs are electrodeposited: C16K2, C16K3, and C18K2, 
where Cn is an alkyl chain of n methylene groups and Km is an oligopeptide of 
m lysines. The processing variables (electrodeposition time, potential, pH, salt 
concentration, agitation) enable fine control of film thickness, demonstrating 
the flexibility of the method and allowing to unravel the mechanisms under-
lying electrodeposition. The electrochemically prepared hydrogels inhibit the 
growth of Staphylococcus aureus, Escherichia coli, and Pseudomonas aerugi-
nosa in agar plates, and prevent the formation of biofilms of Acinetobacter 
baumannii and P. aeruginosa and the formation of A. baumannii colonies in 
solid media. C16K2 and C16K3 hydrogels outperform the antimicrobial activity of 
those of C18K2 while maintaining good compatibility with human cells.
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often colonized by bacteria after their insertion[5] leading to 
delays in patient recovery[6] or even their removal and replace-
ment.[7] Avoiding bacterial biofilms on these surfaces is of 
paramount importance, since biofilms enhance the resistance 
of bacteria against the natural defenses of the organism and 
common antibiotics,[8] often leading to persistent infections.[9] 
The use of antimicrobial hydrogel coatings is an interesting 
strategy to prevent the colonization of medical material.[10–12] 
For example, the manual application (i.e., using a brush) of an 
antimicrobial polymer-based hydrogel containing gentamycin 
and vancomycin reduced by 86% the bacterial colonization 
of titanium substrates.[12] However, manual application onto 
complex-shaped devices, such as screws or stents, can be dif-
ficult and ineffective. In this context, it is necessary to develop 
technologies to produce conformal antimicrobial coatings on 
complex-shaped surfaces.

Many biomedical-relevant substrates are metallic, and, there-
fore, electrodeposition can be used to prepare conformal coat-
ings, that is, coatings that adapt to the shape of the surface. 
The electrodeposition of hydrogels involves applying an elec-
trochemical potential to the targeted substrate. The applied 
potential changes the solution conditions near the substrate 
and locally triggers gelation.[13,14] The electrodeposition of bio-
inactive polymeric gels embedded with small antimicrobial 
molecules has been explored in the past.[15–20] In this work, we 
report the electrodeposition of low-molecular-weight gelators, 
that is, peptide-amphiphiles (PAs). Even though the electrodep-
osition of low molecular weight gelators has been reported,[21–23] 
this is the first time this approach is used to develop antimicro-
bial coatings and that such technique is applied to PAs.

PAs are molecules formed by a hydrophobic moiety (usually 
a single alkyl chain) linked to a hydrophilic peptide region that 
is generally charged.[24–27] Due to their amphiphilic nature, PAs 
self-assemble into a broad variety of nanostructures in water 
solution, including spherical micelles,[28–31] cylindrical fibers 
of different lengths,[27,30–32] and long, planar nanoribbons.[29–32] 
In addition to this morphological richness, PAs show highly 
adaptable functionality because the peptide moiety can be easily 
tailored to be bioactive. These remarkable characteristics have 
triggered great interest in the applications of PAs in regenerative 
medicine,[33–35] drug and protein delivery with specific cell tar-
geting,[36–39] and treatments against cancer[40,41] and bacterial 
infections.[42–44] Furthermore, PAs are used in the cosmetic 
industry as skin regenerators[45] and antimicrobial agents[46] 
under different names, such as palmitoyl oligopeptides.

Antimicrobial PAs are a type of antimicrobial peptide 
(AMPs) characterized by the presence of cationic amino acids 
(e.g., lysine and arginine) in their peptide region. The antibacte-
rial activity of cationic PAs involves the interaction between the 
positive groups in the peptide region and the negatively charged 
bacterial membrane, which disrupts the membrane and leads 
to cell death.[42,43,47,48] This mechanism is expected to reduce the 
development of bacterial resistance due to the great metabolic 
cost required to repair the membrane’s molecular elements 
and the evolutionary barrier to drastically change the bacterial 
membrane composition. While this antimicrobial mechanism 
is common to most AMPs, PAs have some key advantages 
over regular peptides. Firstly, PA aggregates are expected to be 
more resistant to proteolytic hydrolysis than isolated peptides. 

Metabolic degradation usually leads to limited bioavailability 
and a short half-life.[49] Secondly, the morphology and bioactivity 
of PA aggregates can be straightforwardly tuned by changing 
their chemical structure (length of the alkyl tail and sequence 
of amino acids) or chemical environment.[31,42] For example, 
the morphology of the aggregates of lysine-based PAs changes 
from spherical micelles to elongated objects (fibers or nanorib-
bons) with increasing pH.[31,32] The morphology of these aggre-
gates can also be controlled by the length of the alkyl tail or the 
number of lysines forming the peptide region.

In this work, we electrodeposited antimicrobial hydrogels 
made of self-assembled cationic PA nanofibers of formula 
CnKm. Some compounds of this family are known to be anti-
microbial[42,43,49] and their mechanism of action, cytotoxicity, 
and biocompatibility have been already comprehensively inves-
tigated.[42,43,47,50,51] In a previous study,[42] we used scanning 
electron microscopy (SEM), confocal microscopy, and flow 
cytometry to characterize the antimicrobial mechanisms of 
methicillin-resistant staphylococcus aureus (MRSA) and Escher-
ichia coli K12 strains. It was shown that PAs of the family CnKm 
increased the permeability and ultimately disrupted bacterial 
membranes, leading to lysis and death, in agreement with find-
ings from other groups.[43,47] The most potent antimicrobials in 
the family CnKm are also the most cytotoxic ones,[42,50,51] but we 
have shown that some compounds of this family exhibit good 
therapeutic indexes (LD50/MIC > 10) for E. coli and S. aureus.[42]

Interestingly, some members of the CnKm family form 
hydrogels due to a pH-driven transition from spherical 
micelles (or free PAs in solution) at acidic pHs to elongated 
objects at basic pHs.[31,32] In this work, we exploited this prop-
erty to engineer a method to electrodeposit PA hydrogels. The 
electro-reduction of water by an electrode immersed in a PA 
solution increases the pH in the proximity of the electrode sur-
face. This local pH increase drives the PA self-assembly into 
nanofibers and, ultimately, produces a gel on the surface. We 
demonstrate that the method allows the conformal deposition 
of the gels on complex-shaped electrodes. Tuning the applied 
potential, exposition time, initial pH, and/or salt concentra-
tion of the solution provides precise control over the amount 
of electrodeposited hydrogel. Electrodeposited PA hydrogels 
effectively inhibit the growth of different bacterial strains in 
agar plates and, more importantly, they inhibit the growth 
of bacterial biofilms on coated surfaces. Our approach has 
some crucial advantages over existing antimicrobial coatings 
based on polymeric gels containing traditional antibiotics, 
namely: a) our PA hydrogels are intrinsically antimicrobial; 
thus, they act both as structural building blocks and bioactive 
compounds. This feature simplifies product formulation and 
enhances the local concentration of the bioactive material on 
the surface when compared to previous formulations in which 
a bio-inactive gel scaffold loads the bioactive compounds.[52,53] 
b) Bacterial resistance against PAs is expected to be less likely 
(although possible)[54] than against traditional antibiotics 
because PAs act by disrupting bacterial membranes.[55,56]  
c) Unlike some polymeric gels, supramolecular gels dissolve 
slowly (in the scale of hours or days, as we show below), and 
PAs are slowly enzymatically degraded, thereby facilitating 
their removal from the organism.[57,58] d) PA hydrogels are 
self-repairing,[59] and e) the electrodeposition of PA hydrogels 
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does not require any chemical modification of the surfaces or 
polymerization reactions involving potentially toxic chemical 
reactants. Finally, since PAs are molecules with impressive 
versatility, the electrodeposition approach reported here could 
also lead to coatings for applications in fields such as biosen-
sors and regenerative medicine.[37,60,61]

2. Experimental Section

2.1. Synthesis of Peptide Amphiphiles

The synthesis of C18K2, C16K2, and C16K3 was performed using 
standard Fmoc solid-phase peptide synthesis, following the 
procedure of previous works.[31] Amino acids and Rink amide 
resins were supplied by P3Bio and solvents by Fisher. Char-
acterization was performed with MALDI (Figures S1–S3, Sup-
porting Information).

2.2. Atomic Force Microscopy (AFM)

Chemical hydrogels were prepared by adding 1 µL of NaOH 1 m 
to 5 µL of a 5 wt.% PA solution. Electrogels were directly elec-
trodeposited on AFM steel disks of 10 mm diameter in condi-
tions where the gels have ≈5 wt.% PA concentration. Gels were 
dried and AFM images were acquired using a Bruker Multi-
mode 8 SPM (Santa Barbara, CA, USA) with a NanoScope V 
Controller (Santa Barbara, CA, USA). The AFM images were 
acquired in the intermittent mode using silicon tips doped 
with antimony, with a spring constant of 42 N m−1 and a reso-
nance frequency of 320 kHz. Typically, areas of 2 × 2 µm2 were 
scanned. The image analysis was performed using Gwyddion 
version 2.46 (Brno, Czech Republic). Average surface rough-
ness was determined from AFM height images.[62]

2.3. Height, Mass, and Water Percentage of the 
Electrodeposited Gel

To measure the height, the PA gels were electrodeposited on 
gold disk electrodes (see height definition in Figure 2A), photo-
graphed with a magnifying lens and analyzed using ImageJ.[63] 
To measure the mass, the gels were mechanically detached 
from the electrode and weighed. The mass of the freshly pre-
pared gel is referred to as the “wet” mass (mwg) and that of the 
dried gel (lyophilized for at least 6 h) as the dry mass (mdg). The 
weight percentage of water in the gel was determined as 100% 
× (mwg − mdg)/mwg.

2.4. Electrodeposition

All electrodepositions were performed using a three-electrode 
setup. A platinum mesh was used as the counter electrode 
and an Ag/AgCl KCl 3 m electrode as the reference. Electro-
chemical depositions were carried either with a Teq3 potentio-
stat (nanoTeq, Argentina) or with an electrochemical analyzer 
CHI6011B (CH Instruments, USA).

2.5. Rheological Properties

The storage modulus (G′), loss modulus (G″), and complex vis-
cosity (η*) of the PA hydrogels with a concentration of 2.5 wt.% 
were measured in the oscillation frequency sweep mode of a 
DHR-2 rheometer with a 20-mm parallel-plate geometry (TA 
Instrument, New Castle, DE). The sample was uniformly 
loaded on the Peltier plate of the rheometer using a syringe. 
The thickness of the sample was set to 1000 µm, the strain to 
1% and the temperature to 25 °C. G′, G″, and η* were meas-
ured in the oscillatory frequency range from 0.1 to 100 rad⋅s−1 
for the three compounds.

2.6. Determination of the Inhibition Zone (Kirby Bauer Assay)

Zone-of-inhibition assays were performed on agar plates inocu-
lated with S. aureus USA 300 JE2, E. coli K12, and P. aerugi-
nosa ATCC 27853 by adapting previously reported protocols to 
determine the zone of inhibition of hydrogels.[64,65] 35  µL of  
109 CFU  mL−1 bacterial culture prepared in Muller–Hinton 
broth (MHB) was streaked evenly on each section of a 3-section 
plate filled with Muller–Hinton agar (MHA). A 5-µL droplet of 
PA-gel was deposited on each section of the plate previously 
inoculated with bacteria, and the plates were incubated at 37 °C 
overnight. The inhibition zones around the hydrogels (zones 
lacking bacterial growth) were measured by taking photo graphs 
and analyzing them with the software ImageJ.[63] PA gels were 
prepared through two different methods. Electrogels were pre-
pared by electrochemical deposition of the PAs on an electrode 
by applying a reductive potential (see Section 3.1). Chemical 
gels were prepared by adding a 1 m NaOH solution to a PA 
solution in water until gelation. Paper disks embedded with 
pure water and 1 m NaOH aqueous solution were used as nega-
tive controls.

2.7. Inhibition of Biofilm Growth

Hydrogels of C16K2, C18K2, and C16K3 were formed at the 
bottom of a 96-well microplate by rapid mixing of 2 µL of 1 
m NaOH, 6 µL of a 2.5  wt.% PA solution, and 18 µL of dis-
tilled H2O; control wells were inoculated with 30 µL of 1 m 
NaOH solution at an identical final concentration (67  mm). 
Gels formed within minutes and were left overnight at 4 °C. 
The following day, the wells were washed three times with 
100 µL of Luria broth without salt. Wells were inoculated with 
100 µL of bacterial culture (1:10 from an overnight saturation 
growth of either A. baumannii 17978 or P. aeruginosa PAO1), 
and static biofilms were allowed to grow at 37 °C for 24  h, 
after which all liquid was removed. Staining biofilms with 
standard methods to measure the formation of the extracel-
lular matrix was complicated by the hydrophobicity of the 
hydrogels, which bound crystal violet, Gram’s safranin, and 
Congo red, robustly causing high background rates. To assess 
biofilm formation, wells were washed three times with PBS 
and inoculated with 100 µL of fresh growth media. After 18 h 
at 37 °C, planktonic outgrowth from biofilms was measured 
by OD600 of the supernatant (diluted 1:5 in fresh media), and 
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A490 of the same supernatant after centrifugation to remove 
bacterial cells.

2.8. β-Lactamase Assay

Given the difficulty to measure the formation of the extracellular 
matrix using standard dyes, a colorimetric assay using nitrocefin 
was used to measure the growth of A. baumannii biofilms. In 
this assay, biofilms were grown as described above and incu-
bated with a 20 µM solution of nitrocefin (Thermofisher) in PBS. 
Nitrocefin was a cephalosporin analog that was yellow when dis-
solved in an aqueous solution but produces a red fragment when 
cleaved by β-lactamase enzymes.[66] The β-lactamase activity, as a 
proxy for bacteria viability, was measured by the increase in the 
extinction coefficient at 600 nm and the corresponding decrease 
at 400 nm using a Synergy H1 plate reader (Biotek).

2.9. Solid Media Assay

The ability of hydrogels to inhibit growth in solid media was 
measured using chromogenic media. Media selective for A. 
baumannii and related species (CHROMagar) was impregnated 
with PA solutions + 1% in 0.03 m NaOH (a 0.03 m NaOH solu-
tion was used as a control) and were allowed to polymerize in a 
grid pattern. Five microliters of exponential phase A. baumannii 
AB5075 broth culture were then added to each spot on the grid. 
Colony formation by A. baumannii was assessed by the appear-
ance of red colonies on the chromogenic media and measured 
using mean intensity as determined by ImageJ.[67]

2.10. Cytotoxicity Studies

HEp-2 and HEK 293 cells were used as model cell lines to 
assess the cytotoxicity of the PA solution and hydrogel. DMEM 
media (Gibco) with 10% fetal bovine serum, 1% penicillin/
streptomycin, and 200 mmol L-glutamine was used to culture 
HEK-293 cell line; DMEM media (Gibco) with 10% fetal bovine 
serum, 10 µg mL−1 gentamicin was used to culture HEp-2 cell 
line. Both cells were incubated in a 5% CO2 humidified envi-
ronment. The cells were then seeded in 96-well plates at a den-
sity of 5000 cells per well and incubated for 24 h. After that, PA 
solutions were added into cell cultures at a concentration range 
from 128 to 8 µg ml−1 in triplicate. To evaluate the cytotoxicity of 
chemical hydrogels, they were first prepared by the addition of 
1 m NaOH to a 2.5% w/w PA solution until gelation and then 
introduced into the 96-well plates. After 20 h, the medium was 
removed and washed with 100 µL of PBS, and 100 µL of new 
media was added following. Finally, the cell viability was meas-
ured using XTT assay according to the manufacturer’s protocol 
(CyQUANT XTT cell viability assay, Invitrogen, ref. X12223). 
The 450 nm absorbance readings were examined and corrected 
by a Thermo Fisher Scientific multiscan FC microplate pho-
tometer. A control without added PA was used to calculate the 
percentage of cell viability. A NaOH solution was also tested 
at the same concentration used in the hydrogel preparation, 
which showed no cytotoxicity.

3. Results and Discussion

3.1. Electrodeposition of PA Hydrogels

The hydrogel electrodeposition reported in this work is based 
on the generation of a pH gradient by an electrochemical reac-
tion, see Figure 1A. The method consists in applying a reduc-
tive potential to an inert electrode immersed in a PA solution at 
low pH. The reductive potential leads to an increase in the local 
pH on the surface of the electrode, likely due to the reduction 
of water.

l ( )( ) ( )+ → +− −2H O 2e 2OH aq H g2 2  (1)

The reduction of dissolved oxygen and nitrates from the 
supporting electrolyte[68] can also contribute to the basification 
process.

In our method, the local pH increase triggers the PA’s mor-
phological transition from spheres to cylindrical fibers, as 
demonstrated by previous TEM,[31] AFM,[31] cryo-TEM,[32] and 
SAXS[32] studies. This transition drives the formation of the 
gel. Therefore, to be suitable for electrodeposition, the PA must 
aggregate into spheres at low pH and undergo a transition to 
elongated objects (cylindrical fibers and/or planar ribbons) 
with increasing pH. To achieve this, we considered PAs of the 
chemical structure CnKm, see Figure 1B. The compounds C16K3 
and C16K2 have already been shown to exhibit the behavior 
required for electrodeposition.[31,32] As an example, Figure 1C,D 
show the morphology diagram for C16K3 calculated using a 
molecular theory[31] as a function of pH and added salt con-
centration, and the atomic force microscopy images of a 4 mm 
solution at pH = 8 and 10 (data reproduced from ref. [31]). In 
the case of C16K2, the pH-induced sphere-to-fiber transition 
was also demonstrated by cryo-TEM and SAXS by Gao et al.[32] 
We also prepared the PA C18K2

[69] and demonstrated the pH-
induced sphere-to-fiber transition using TEM (Figure S5, Sup-
porting Information). At high enough concentrations, the fibers 
of these PAs obtained in basic media entangle and form gels. 
For example, Figure 1E shows pictures of a 2.5 wt.% C16K3 solu-
tion at low pH (solution) and high pH (gel). The rheological 
properties of the gels are reported in Supporting Information, 
(Figure S4, Supporting Information). In summary, we synthe-
sized and used in this work the PAs C16K2, C16K3, and C18K2,[69] 
which transition from spheres to elongated objects (fibers and 
then ribbons) with increasing pH and, thus, are suitable for 
electrodeposition. Other PAs of the family CnKm do not meet 
the requirements for our method, for example, the compound 
C16K forms bilayer structures (planar ribbons and nanotubes) at 
all pH values.[70]

The sphere-to-fiber transition for C16K3, C16K2, and C18K2 
occurs at pH ≈ 9, 7.5, and  6, respectively (determined from 
TEM/cryo-TEM, see refs. [31,32], and Figure S5, Supporting 
Information, respectively). The minimum concentration of 
gelation was around 2 wt.% for the three compounds. We suc-
cessfully prepared electrodeposited gels for these three PAs 
on electrodes of different shapes and made of different mate-
rials, such as stainless steel, aluminum, gold, and indium tin 
oxide. Figure 2A shows a gold disk electrode (diameter = 3 mm, 
upper panel) and stainless-steel mesh (lower panel) before the 
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deposition of C16K3. Figure 2B shows the same substrates after 
the electrodeposition of C16K3. The successful electrodeposition 
on the stainless-steel mesh demonstrates the capabilities of the 
technique to produce conformal hydrogel coatings on complex-
shaped electrodes.

3.2. Characterization of the Electrodeposited Hydrogels

We studied the nanostructure of the gels using atomic force 
microscopy (AFM). Figure 3A shows an AFM image of a C16K3 
gel formed by adding NaOH to a 5 wt.% PA solution (hereafter, 
we will refer to the gels prepared with this method as “chemical 
gels”). Figure 3B shows an AFM image of a C16K3 gel directly 
electrodeposited on a stainless-steel flat surface (“electrogel”). 
Both images exhibit similar characteristics, that is, there is a 
network of entangled nanofibers with diameters of ≈10  nm. 
The root mean square (RMS) roughness was the same for both 
samples (15 ± 5 nm). We conclude that there are no significant 
differences between the nanostructure of the chemical gels and 
the electrogels (note that the concentration of the PA in both 
gels is expected to be approximately equal because the C16K3 
concentration in the electrogels is always around 5  wt.%, see 

below). We finally should mention that while the drying pro-
cess may affect the morphology of the samples, the results 
in Figure  3 are fully consistent with the self-assembled CnKm 
nanofibers observed by SAXS and cryo-TEM in basic aqueous 
solutions in a previous study,[32] which supports the conclusion 
that our hydrogels are composed of elongated nanostructures 
of self-assembled PAs.

3.3. Effects of Deposition Variables

To characterize the electrodeposition methodology, we elec-
trodeposited gels on gold disk electrodes (see Figure 2) by var-
ying the applied potential or current, the deposition time, the 
initial pH, the ionic strength of the solution, and the chemical 
structure of the PA. To assess the influence of these para-
meters, we determined the height of the coating (as marked in 
Figure  2), the mass of the freshly prepared gel (mwg), the dry 
mass (mdg), and the weight % of water.
Figure 4A,C (top and center panels) show the height, dry 

mass (mdg), and the mass of the freshly prepared gel (mwg) 
coating as a function of the applied potential for gels depos-
ited for 15 min from a 100 mm KNO3, 2.5 wt.% C16K3 solution 

Figure 1. A) Scheme of the electrodeposition method. A reductive potential applied to the electrode produces the electroreduction of water, releasing 
hydroxyl ions that trigger a sphere-to-fiber transition on the electrode surface. The PA fibers entangle, forming a hydrogel. B) Molecular structures 
of the family of PAs studied in this work. C) Morphology diagram of C16K3 calculated with a molecular theory in ref. [31] as a function of pH and salt 
concentration (Reproduced with permission.[31] Copyright 2019, American Chemical Society.). D) AFM images of C16K3 at pH = 8 (spherical micelles) 
and pH 10 (nanofibers) (Reproduced with permission.[31] Copyright 2019, American Chemical Society.). E) C16K3 solution at pH ≈ 7 (left) and pH > 10 
(right) showing the gelation process.
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and pH 9.2. The gel started to grow at a critical applied poten-
tial of approximately −1.1  V (against Ag/AgCl KCl 3 m), and 
then its height, dry mass, and mass of the freshly prepared 
gel increased with the modulus of the applied potential. The 
bottom panel of Figure  4C shows that the water weight per-
centage was around 95% and slightly increased with the mod-
ulus of the applied potential. Figure 4B shows the height of the 
gel as a function of the deposition time for an applied potential 
of −1.25  V. The gel height increased with time up to a point 
where it reached a plateau. This result is in line with previous 
experiments involving electrochemical depositions driven by a 
pH gradient.[23,71]

We also carried out galvanostatic depositions using different 
applied currents and deposition times. The obtained results 
were in line with those shown in Figure 4, that is, the height of 
the gel increased with the modulus of the applied current and 
the deposition time, reaching a plateau after 15 min in the latter 
case (see Figure S6, Supporting Information). For the following 
studies, we used potentiostatic deposition because galvanostatic 
deposition requires an accurate estimation of the electrode area 
to calculate the current density. Since potentiostatic deposition 
does not require this information, it is more convenient than 
galvanostatic deposition to deposit gels on electrodes of dif-
ferent shapes and dimensions.

The lower panel in Figure 5A shows that the dry mass of 
the gel decreases with decreasing solution pH. Interestingly, 
the water content of the gels was around 95 wt.% for all solu-
tion pHs. The amount of electrodeposited gel is also influenced 

by salt concentration. The upper panel of Figure 5B shows the 
mass of the deposited gel after drying (mdg)  as a function of 
NaCl concentration. On the other hand, the mass of the freshly 
prepared gel first increases and then decreases with salt con-
centration, see bottom panel of Figure 5B. This non-monotonic 
effect is relevant, but also rather complex, and it requires fur-
ther mechanistic studies.

3.4. Mechanism of Electrodeposition

After studying the effects of the different processing variables, 
we addressed the mechanism of electrodeposition. We hypoth-
esized the deposition is driven by the pH gradient that arises 
from the competition of the production of hydroxyl ions at the 
surface (originated in the water-reduction reaction, Equation 
(1)), and their diffusion into the bulk solution and acid-base 
neutralization by H+ in the bulk. A similar diffusion-reaction 
mechanism was previously proposed for the pH-driven elec-
trodeposition of chitosan.[71,72] Because the local pH decreases 
from the electrode surface to the bulk solution, we proposed 
that the height of the gel would reach a plateau with the deposi-
tion time (Figure  4B). This is because the gel will grow until 
it reaches a distance from the electrode at which the local pH 
is low enough to prevent gelation. This mechanism explains 
why changes in the experimental conditions that increase the 
rate of OH− production, such as increasing the magnitude 
of the applied potential (Figure 4A,C) or current (Figure S6, 

Figure 2. Images of a gold electrode (diameter = 3 mm) and a stainless-steel mesh (thread diameter = 1.3 mm) before and after the electrodeposition 
of a C16K3 gel. The height of the gel is marked with a red segment. Black bars indicate 2 mm.

Adv. Mater. Interfaces 2023, 2300046

 21967350, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202300046 by M
IN

C
Y

T
 O

ffice, W
iley O

nline L
ibrary on [09/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH2300046 (7 of 13)

www.advmatinterfaces.de

Supporting Information), result in an increase in the amount 
of deposited gel. On the other hand, changes that promote the 
diffusion of OH− away from the surface undermine the gel pro-
duction; for example, we found that the agitation of the solu-
tion (200  rpm) fully prevented the gel deposition. This result 
is explained by the enhanced convective flow of OH− from the 
electrode to the solution. Moreover, decreasing the bulk solu-
tion pH (Figure  5A) increases the rate of OH− neutralization 
by bulk H+ and, therefore, also hinders the electrodeposition 
process.

Despite the fact that we had previously demonstrated that 
the salt concentration does not have an effect on the sphere-to-
fiber transition pH of C16K3 and C16K2,[31] this variable has an 
important and complex effect on electrodeposition (Figure 5B). 
We explain this apparently counterintuitive observation by 
analyzing the pH-driven gelation as a two-step process: the 
sphere-to-fiber transition, followed by the entanglement of the 
fibers to yield the gel. Only the second step is influenced by 
the ionic strength. As we discuss below, this mechanism also 
explains the fact that the sphere-to-fiber transition pHs for all 
compounds are lower than their respective gelation pHs (see 
Table 1).

3.5. Effect of the Chemical Structure of the PA on 
Electrodeposition and Properties of Hydrogel

Finally, we investigated the importance of the chemical struc-
ture of the PA. We first analyzed the behavior of C16K3, C16K2, 
and C18K2 solutions upon the addition of NaOH. The three 
compounds formed spherical micelles at low pH and transi-
tioned to elongated structures with increasing pH (all formed 

Figure 3. AFM height images of A) a chemical gel prepared by adding 
NaOH 1 m to a 5 wt.% C16K3 solution, and B) an electrodeposited C16K3 
gel. The PA concentration in both gels was the same (≈5 wt.%).

Figure 4. Height of an electrodeposited C16K3 gel on a planar gold elec-
trode as a function of A) the applied potential (against Ag/AgCl KCl 3 m)  
and B) the deposition time. C) Dry mass (mdg, top), the mass of the 
freshly prepared gel (mwg, center), and water weight percentage (% H2O, 
bottom) of an electrodeposited C16K3 gel as a function of the applied 
potential. In all cases, the gel was deposited from a 2.5  wt.% C16K3, 
100 mm KNO3, and pH 9.2 solution. Gels in (A) and (C) were deposited 
for 15 min. The applied potential in (B) was set to −1.25 V. The experi-
ments were performed in duplicate (except in the cases where the error 
bars are not informed). Error bars indicate one standard deviation. Solid 
lines are guides to the eye.
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cylindrical fibers first, while C16K2 and C18K2 also formed long, 
planar ribbons with further pH increase, see refs. [31,32], and 
Figure S5, Supporting Information). The transition pHs were 
9, 7.5, and 6 for C16K3, C16K2, and C18K2, respectively. This 
result is in line with previous reports indicating that increasing 
the alkyl chain length (C16K2 vs C18K2) and/or decreasing the 
size and charge of the hydrophilic head (C16K3 vs C16K2) favor 
less curved structures like fibers and ribbons,[29,31,73] and thus 
cause a decrease in the transition pH. The gelation pH (pHg) 
for 2.5 wt.% C16K3, C16K2, and C18K2 solutions were 10, 9.4, and 
8.8, respectively. Note that the gelation pHs are higher than the 
sphere-to-fiber transition pHs, although both sets of pHs follow 
the same trend with the chemical structure of the PA (see 
Table  1). As we mentioned above, we believe that the gelation 
pH is higher than the transition pH because gelation follows a 
two-step process. The fibers formed at the sphere-to-fiber tran-
sition pH have a positive surface charge. This charge produces 
fiber-fiber repulsions that prevent entanglement. A further 
increase of the solution pH (i.e., a pH above the transition pH) 
deprotonates the lysines, decreases the surface charge, and, 
thus, allows entanglement. While a full theoretical treatment of 
this effect is outside the scope of this work, it is interesting to 
mention that the proposed mechanism is fully consistent with 

our previous theoretical studies of the role of surface charge on 
the aggregation of PA nanostructures (see Figure 5 in ref. [74]).

We studied the rheological properties of gels made of dif-
ferent PAs by oscillatory rheology, see Figure S4, Supporting 
Information. For all compounds, the storage modulus was 
higher than the loss modulus in the frequency range of 0.5–
100  rad  seg−1 and both were approximately constant with the 
frequency. The elastic modulus and the viscosity of the gels 
increased following the series C16K3  < C16K2  < C18K2 (see 
Table 1). This result can be explained by the fact that increasing 
the alkyl-chain length or decreasing the headgroup size and 
charge of the amphiphile increases the average length of the 
self-assembled fibers, thus lowering their relaxation times,[75] 
and, hence, increasing the cohesiveness of their gels. 

In the previous paragraph, we showed how the properties of 
the PA gels depend on their chemical structure. We will now 
address how the structure affects the electrochemical deposi-
tion of the gels. Table 1 compares the masses of freshly made 
hydrogels electrodeposited from 2.5  wt.% C16K3, C16K2, and 
C18K2 solutions. In these experiments, we set the pHs of the 
solutions to the apparent pKas of the lysines in each PA (9.2, 
8.6, and 8.4, respectively, determined by acid-base titration), 
which are right below the pHs of gelation of each compound 

Figure 5. A) Water weight percentage (% H2O, top) and dried gel mass (mdg, bottom) of a C16K3 electrodeposited gel as a function of the pH of the 
solution. B) Dried gel mass (mdg, top) and mass of the freshly prepared gel (mwg, bottom) of an electrodeposited C16K3 gel as a function of the concen-
tration of added NaCl. The gels were deposited by applying a potential of −1.3 V for 30 min. The pH was adjusted to 9.2 (panel (B). The experiments 
were performed in triplicate and the error bars indicate one standard deviation. Solid lines are guides to the eye.

Table 1. Summary of the physical properties of CnKm hydrogels.

PA Sphere-to-fiber 
transition pHa)

Gelation pHb) Apparent pKac) G′ [Pa]d) Electreposited 
mass [mg]e)

% H2O in 
electrodeposited filmse)

Timescale of 
dissolution in PBS

C16K3 9 10 9.2 80 (5.2 ± 1.2) 95 ≈hours

C16K2 7.5 9.4 8.6 1100 (2.7 ± 0.2) 92 N/Df)

C18K2 6 8.8 8.4 11 000 (2.3 ± 0.7) 90 ≈weeks

a)Measured by TEM or cryo-TEM (see refs. [31,32] and Figure S5, Supporting Information); b)Measured by the inverted-vial test; c)Measured by acid-base titration; d)At 
10 rad s−1, see Figure S4, Supporting Information; e)Measured for gels freshly electrodeposited (wet) at pH = pKa, applied potential = −1.3 V, deposition time of 30 min and 
no added salt; f)N/D: Not determined.
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(10, 9.4, and 8.8, respectively). In this way, the local pH increase 
needed to form the gel is approximately the same for all three 
compounds, so we can isolate the effect of the chemical struc-
ture from that of the solution pH. The masses of freshly pre-
pared gels increased as follows: C16K3 ≲ C16K2 < C18K2. We also 
measured the proportion of water in the gels, which were 95, 
92, and 90  wt.% for C16K3, C16K2, and C18K2, respectively, and 
performed preliminary studies of the stability of electrodepos-
ited gels in PBS solution. C16K3 gels dissolved completely after 
around 6 h of agitation at 37 °C, while C18K2 did not dissolve 
even after one week.

In summary, the results in Table 1 show that increasing the 
alkyl-chain length and decreasing the number of chargeable 
lysines result in an increase in the cohesive interactions of 
the systems. This increase in cohesiveness increases the elec-
trodeposited mass (keeping all other variables fixed), decreases 
the hydration of the gel, and augments their stability (decreases 
their dissolution rate) in PBS. It also increases the stiffness and 
decreases the gelation pH for gels prepared by the direct addi-
tion of NaOH.

3.6. Antimicrobial Activity of PAs in Solution

We performed minimum inhibition concentration (MIC) assays 
of the three PAs in solution and at physiological pH and found 
that all were active against Gram-positive bacteria (methicillin-
resistant S. aureus) and Gram-negative bacteria (A. baumannii, 
E. coli, and P. aeruginosa), see Table S1, Supporting Information. 
The MIC values were in the range of 4–16 µg mL−1 for S. aureus, 
A. baumannii, and E. coli and 16–32 µg mL−1 for P. aeruginosa. 
Our results for C16K2 and C16K3 were in line with those reported 
by Greber et al.[50] and Rodrigues et al.[42] It is worth mentioning 
that C16K3 is already used in personal care products as an anti-
microbial agent under the name palmitoyl tripeptide-36.[46] 
To the best of our knowledge, C18K2 antimicrobial activity has 
not been studied in the past. This compound was slightly less 
active than the other two (particularly against Gram-negative 
bacteria). Greber et al. showed that increasing the length of the 
tail on the CnKm compounds led to an increase in the antimi-
crobial activity,[50] but for long alkyl chains, a non-monotonic 
effect of the length of the tail on the antimicrobial efficiency 
was observed.[42] We also studied the ability of the PA solutions 
to inhibit and destruct biofilms. We found that the solutions of 
the three compounds almost completely inhibited the growth 
of S. aureus biofilms at PA concentrations of 8–20  µg mL−1, 
see Figure S7, Supporting Information. The PAs were also 
able to destroy around 50% of mature S. aureus biofilms at 
the same range of PA concentrations. Surprisingly, C18K2 solu-
tions were more active against biofilms than C16K3 and C16K2. 
The mechanism of antimicrobial action and the toxicity of PAs 
of the family CnKm were already investigated by our group and 
others,[42,43,47,50,51] and thus they will not be addressed here.

3.7. Antimicrobial Activity of PA Hydrogels

To evaluate if the PA hydrogels retain the antimicrobial activity 
of the compounds in solution, we carried out adapted Kirby 

Bauer tests for chemical gels (formed by adding NaOH to a 
concentrated PA solution) and electrodeposited gels, following 
a procedure reported in the literature to study the antimicrobial 
activity of hydrogels.[64,65] The test consisted in placing ≈5  µL 
of the gel on the surface of a Muller–Hinton agar plate inocu-
lated with bacteria. After overnight incubation, the diameter of 
the inhibition zone (if formed) was measured. The activity of 
the gels was compared against that of paper disks embedded 
only with a 1 m NaOH solution or deionized water. All PA gels 
showed activity against S. aureus, E. coli,  and P. aeruginosa 
strains, while the disks with 1 m NaOH solution and deionized 
water were inactive. Hence, the antimicrobial activity of the 
gels can be exclusively attributed to the PAs. Figure 6A shows 
the inhibition zones against S. aureus of two C16K2 chemical 
gels (with PA concentrations of 2.5 and 10 wt.%, respectively) 
and one C16K2 electrogel (PA concentration of ≈5  wt.%). The 
three samples were active and produced inhibition zones. As 

Figure 6. A) Inhibition zones of C16K2 gels against S. aureus for a gel 
electrodeposited from a 2.5 wt.% PA solution (approximate gel volume 
of 5 µL and PA concentration of 5 wt.%), and two chemical gels formed 
by adding NaOH to 5 µL of a PA solution with 2.5 and 10 wt.% PA con-
centration respectively. The diameters of the inhibition zone are marked 
with double arrows. B) Diameter of the inhibition zone (d) produced by 
C16K3, C16K2, and C18K2 2.5 wt.% chemical gels against S. aureus, E. coli, 
and P. aeruginosa. The experiments were performed in triplicate and the 
error bars indicate one standard deviation.
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expected, the activity of the chemical gels increased with the PA 
concentration.

To study how the chemical structure of the PA affects the 
antimicrobial activity of the gels, we performed Kirby Bauer 
tests of C16K3, C16K2, and C18K2 chemical gels against S. aureus, 
E. coli, and P. aeruginosa. Figure 6B shows the inhibition diam-
eter, d, produced by gels with a concentration of 2.5 wt.% of the 
three compounds against the three strains. The gels were more 
active against S. aureus and E. coli than against P. aeruginosa, as 
expected from the MIC values (Table S4, Supporting Informa-
tion). Interestingly, the antimicrobial activity generally increased 
in the order C18K2 < C16K2 < C16K3. This order does not correlate 
well with MIC values in solution (Table S1, Supporting Informa-
tion), which were similar for the three compounds. We hypoth-
esize that these differences in the activity are related to the rate 
of dissolution of the gels in aqueous media as discussed above, 
C16K3 dissolves much faster than C18K2 (see Table 1). This result 
could indicate that the activity shown by the Kirby Bauer test is 
controlled by the diffusion of the PA molecules from the gel to 
the media. PAs forming more stable gels diffuse at a lower rate 
and produce smaller inhibition zones.

3.8. Inhibition of Biofilm Formation by PA Hydrogels

To assess the impact of PA hydrogel coatings on bacterial bio-
films, we measured the static biofilm formation by P. aeruginosa 
and A. baumannii (two pathogens prone to produce biofilms 
with antimicrobial resistance[76,77]) in a plate-based assay with 
gels coating the plate’s surface. In this assay, we deposited 
hydrogels formed by C18K2, C16K2, and C16K3 into wells. We also 
prepared control samples by depositing aliquots of water and 
1 m NaOH solutions into the wells. After washing, biofilms were 
grown for 24 h. The supernatants were then removed, the wells 
extensively washed and fresh media added. Bacterial growth 
after a further 18 h was measured both by OD600 value and, after 
centrifugal clarification, A490 (as an indicator of the production 
of bacterial chromophores). Our results (Figure 7) clearly dem-
onstrate that the three compounds significantly reduced biofilm 
formation by A. baumannii and that the C16 compounds were 
also effective against P. aeruginosa, while C18K2 showed mixed 
results. The hydrogels of all three compounds persisted for the 
entire duration of the experiment. The mixed results obtained 
for C18K2 are surprising because the solution of this PA was 
more active (as a biofilm inhibitor) than the C16 compounds 
(Figure S7, Supporting Information). It is possible that the 
mixed performance of C18K2 hydrogels is related to their slow 
dissolution (high stability) compared to the other compounds. 
In this hypothesis (similar to that proposed above to explain the 
plate test results), C18K2 molecules diffuse more slowly from the 
hydrogel to the solution than the other compounds, and, thus 
they are less active against biofilm formation.

To confirm the effectivity of C16K2 and C16K3 to inhibit bio-
film formation, we performed two additional surface-based 
assays. Figure 8A shows the quantification of A. baumannii 
biofilm formation by measuring their β-lactamase activity using 
nitrocefin.[66] We also studied the inhibition of A. baumannii 
colony formation on solid media selective for A. baumannii 
and related species (CHROMagar), which we impregnated with 

C16K2 and C16K3 hydrogels (Figure  8B,C). These assays con-
firm that hydrogels of C16K2 and C16K3 inhibit the growth of 
A. baumannii on surfaces and solid media.

3.9. Cytotoxicity Studies of PA Solutions and Hydrogels

We evaluated the cytotoxicity profile of the three PAs both in 
solution and in the form of hydrogels against the epithelial type 
2(HEp-2) cell line and the immortalized human embryonic 
kidney (HEK-293) cell line. In both cell lines, the three PAs 
in solution showed over 60% survival even at the highest con-
centration tested (128 µg/ml), see Figure 9A,B. The PAs C16K2 
and C16K3 exhibited higher viabilities than C18K2. In the form 
of hydrogels, C16K2 and C16K3 led to a > 70% survival for both 
cell lines (Figure 9C), indicating an acceptable level of cell sur-
vival.[53] The fact that C16K2 displays a better cytotoxicity profile 
than C18K2 is consistent with our previous finding that short-
ening the hydrophobic tail can enhance cell viability.[42]

4. Conclusion

This study reports the first electrodeposited gels made of PAs 
and their application as antimicrobial coatings. PAs play a dual 

Figure 7. O.D.600 (top) and A490 (bottom) measurements of the superna-
tant of bacterial cultures prepared in wells pretreated with the PA hydro-
gels where A baumannii and P aeruginosa biofilms were grown. Significant 
differences from the blank: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** 
p ≤ 0.0001, ns: not significant (p-values calculated with Student’s t-test, 
2-tailed, unpaired).
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role as both building blocks and antibiotic molecules, which 
is convenient as it simplifies the formulation of the hydrogel 
and allows to maximize the concentration of the bioactive com-
pound. Electrodeposition allowed to produce films with tunable 
thickness that conformally adapt to complex-shaped surfaces.

Our electrodeposition method is based on the electrochem-
ical generation of OH− ions on the conductive surface, which 
triggers the sphere-to-fiber transition of the PAs. The entangle-
ment of the produced fibers finally results in the deposition of 
the hydrogel on the surface. We performed a thorough study of 
the effect of the processing variables on the amount and com-
position of the electrodeposited gels. These studies revealed 
that electrodeposition is governed by a reaction-diffusion mech-
anism, in which increasing the rate of electrochemical pro-
duction of OH− ions (e.g., by increasing the electrode current) 
favors the deposition of the gel while accelerating the diffusion 
of OH− (e.g., by mechanical agitation) or its acid-base neutrali-
zation by bulk H+ (e.g., by lowering the bulk pH) hinders the 
formation of the gel. Our study also shows that the formation 
of the coating is a two-stage process involving the sphere-to-
fiber transition followed by the entanglement of the formed 
fibers to produce the gel. The second process occurs at a pH 
that is 0.4–0.8 units higher than the first one, and it is benefited 
by the presence of added salt.

The electrochemical gels inhibited the growth of S. aureus, 
E. coli, and P. aeruginosa and prevented the formation of bio-
films of A. baumannii and P. aeruginosa. The hydrogels of C16K3 
and C16K2 displayed stronger antimicrobial activity than those 
of C18K2 and displayed > 70% cell viability for HEp-2 and HEK 
293 cell lines, thus those compounds are the most promising 
for further studies.

Interestingly, while the hydrogels of C16K3 and C16K2 dis-
played the highest antimicrobial activity, the three PAs exhib-
ited similar MICs in solution against A. baumannii, S. aureus, 
and P. aeruginosa. This discrepancy is explained by the fact that 
C16K3 and C16K2 hydrogels dissolve faster than those of C18K2. 
Notably, the rates of dissolution were controllable in a conven-
ient range of hours to days by the chemical structure of the PA. 
This property is particularly interesting to control the rate of 
delivery and activity of the antibiotic PAs.

We envisage that the electrodeposition of PAs developed in 
this work can lead to antibacterial coatings for metal surgical 
implants and other medical materials. Furthermore, the head-
group of PAs can contain oligopeptides with different types of 

Figure 8. A) Inhibition of A. baumannii biofilm β-lactamase activity. 
β-lactamase activity from A. baumannii static biofilms grown in 96-well 
plates was measured using nitrocefin. Error bars mark the standard error. 
B) Inhibition of A. baumannii colony formation on CHROMagar Acineto-
bacter media. C) Quantification of A. baumannii colony formation by color 
intensity. Error bars mark the standard error. * p  ≤ 0.05, ** p  ≤ 0.01,  
*** p ≤ 0.005, **** p ≤ 0.0005.

Figure 9. Cytotoxicity viability profile of A) PA solutions against HEK-293 
cell line, B) PA solutions against HEp-2 cell line, and C) PA chemical gels 
against HEK-293 and HEp-2 cell lines. Error bars represent the standard 
error of the mean (n = 3). The error bar is clipped at the axis limit in (A).
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biological functionalities (e.g., for regenerative medicine and 
drug delivery); thus our electrodeposition method combined 
with this design flexibility can open new routes to smart func-
tional bio- and/or chemoactive coatings.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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