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ABSTRACT.  The immobilization of antimicrobial peptides (AMPs) to surfaces, enabling their 

utilization in biosensor and antibacterial/antifouling coating applications, is typically performed 

using rigid, solid support materials such as glass or gold and may require lengthy, temperamental 

protocols.  Here, we employ a hydrogel immobilization platform to afford facile fabrication and 

surface functionalization while offering improved biocompatibility for evaluating the influence 

of linker length, surface density, and AMP conjugation site on retained peptide activity.  Rapid, 

interfacial photopolymerization using the radical-mediated thiol–ene addition mechanism was 

used to generate cross-linked, polymeric coatings bearing residual thiol moieties on pre-

fabricated poly(ethylene glycol) (PEG)-based hydrogel supports.  The photopolymerized 
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coatings were 60 µm thick and contained 0.55 nmol unreacted free thiols, corresponding to a 

concentration of 410 µM, for use as cecropin A (CPA) immobilization handles via thiol-

maleimide conjugation, where the CPA-bound maleimide moiety was localized at either the 

carboxyl terminus or mid-sequence between Ala22 and Gly23.  Surface presentation of the thiol 

handles was controlled by varying the thiolated PEG monomer (PEGSH) used in the 

photopolymerizable formulation.  Bactericidal activity of CPA functionalized hydrogels against 

E. coli K235 indicated that CPA immobilized at the carboxyl terminus killed 94±6% of the 

inoculated pathogens when coatings were prepared with high molecular weight PEGSH and 

99±1% when prepared with low molecular weight PEGSH.  E. coli cell death demonstrated a 

stronger dependence on peptide concentration than PEG linker length or degree of thiol 

functionalization, with activity ranging from 34±13% to 99±1% bacterial cells killed as the pre-

functionalization thiol concentration in the coatings was increased from 90 µM to 990 µM.  

Finally, the immobilization site on the surface-bound CPA strongly affected antibacterial 

activity; when mid-sequence modified CPA was bound to a hydrogel coating bearing 990 µM 

thiol, only 20±4% of the E. coli population was killed. 

INTRODUCTION 

Antimicrobial peptides (AMPs) compose a large reservoir of naturally occurring amino acid 

sequences that serve as fundamental components of the immune systems of microorganisms,
1
 

plants,
2
 insects,

3
 and, to a lesser degree, mammals.

4
  Most AMPs have relatively short sequences 

consisting of 5-40 amino acids, and contributions from lysine and arginine typically yield 

cationic peptides with net charges ranging from +2 to +9 at neutral pH.
5
  Substantial quantities of 

hydrophobic residues (i.e., 30% or more total residues) and an amphipathic nature are also 
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 3

common features among AMPs.  Although a small fraction of AMPs target intracellular 

domains,
6
 the hallmark mechanism of action is membrane disruption, enabling broad spectrum 

anti-pathogenic activity.  Electrostatic interactions often initiate AMP-membrane associations, 

where positively-charged peptides associate with negatively-charged species in lipid bilayers and 

proceed to disrupt the membrane by a variety of mechanisms.  For example, cationic AMPs have 

been shown to bind to lipopolysaccharides within Gram-negative bacterial membranes, 

displacing the native stabilizing divalent cations (i.e., Ca
2+

 and Mg
2+

) and forcing the membrane 

to leak.
7
 

Multiple mechanistic models detailing the intricacies of AMP association with and disruption 

of cell membranes have been proposed, but the precise pathway utilized by a particular AMP 

appears to be a function of numerous physicochemical properties, including the net charge, 

amphipathicity, and secondary structure of the peptide as well as the concentration of peptide 

and cell membrane composition.
8
  Likewise, the strength and specificity of AMP activity 

coincides with the biochemical and structural characteristics of the peptide sequence.  For 

example, whereas anionic, phosphorylated peptides such as enkelytin and peptide B are primarily 

active against Gram-positive bacteria,
9
 proline- and glycine-rich cationic peptides typically 

exhibit Gram-negative selectivity.
10

  Lysine-rich dermaseptins display high levels of activity 

towards filamentous fungi,
11

 and the cysteine-rich defensins have proven effective against herpes 

simplex virus type 1.
12

  An array of cationic AMPs has even shown specificity towards 

malignant tumor cells,
13

 believed attributable to electrostatic interactions between positively-

charged AMPs and negatively-charged cell membrane components as tumor cells frequently 

over express anionic membrane molecules such as phosphatidylserine and O-glycosylated 

mucins.
14
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 4

Given their broad range of activities, immobilized AMPs have become increasingly attractive 

for detecting,
15

 capturing,
16

 and deactivating target pathogens.
17

  However, as native AMPs occur 

free in solution, binding AMPs to a surface presents a unique set of obstacles to ensure their 

antimicrobial properties are retained.  AMPs in solution may preferentially associate with cell 

membranes using residues on either the amino (N-) or the carboxyl (C-) terminus, or undergo a 

conformational change to confer activity;
18

 therefore, the AMP binding orientation and substrate 

rigidity must be considered.  Conventional approaches to covalently attach AMPs to surfaces 

afford varying degrees of peptide orientation control.  The coupling of lysine-bearing AMPs to 

succinimidyl ester-functionalized glass, previously employed to assess the sensitivity of an 

AMP-based approach to detect heat-killed bacteria,
19

 offers little orientational control since all 

AMPs used in that study contained multiple lysine residues distributed throughout their 

sequences, each of which were potential attachment sites.  Alternatively, incorporation of an 

exogenous cysteine residue has proven particularly advantageous in controlling the site-specific 

attachment and orientation of immobilized peptides, as this approach enables facile Michael 

addition reactions that proceed between the AMP-bound cysteine residues and surface-bound 

maleimide linker molecules,
20

 or even the fabrication of AMP monolayers by self-assembly on 

gold surfaces.
21

  Notably, the terminus at which the cysteine residue is incorporated influences 

peptide orientation upon immobilization.
22

  Cecropin P1 immobilized by its N-terminus has been  

shown to orient horizontally to its substrate at low concentrations, vertically at intermediate 

concentrations, and in a blend of horizontal and vertical orientations at high concentrations;
22b

 

however, the same peptide immobilized via a C-terminus cysteine residue adopts multiple 

orientations regardless of concentration.
22a
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 5

Inclusion of a molecular linker between the solid support and the AMP provides advantages 

both in terms of synthetic accessibility and anti-microbial performance.  Specifically, the use of a 

linker expands the variety of chemical reactions that may be utilized to immobilize an AMP, and 

overcomes the steric hindrance inherent to direct covalent attachment.  Poly(ethylene glycol) 

(PEG) chains are commonly employed as spacers between immobilized AMPs and a diverse 

range of solid substrates.
17, 23

  A 98% reduction in Pseudomonas aeruginosa populations was 

observed following the covalent attachment of azido-PEGylated AMPs to alkynyl groups on 

fluoropolymer surfaces,
24

 while a 3 log reduction (i.e., 99.9%) in E. coli growth was found for  

PEG-modified poly(ethylene) films functionalized with an AMP via a carbodiimide coupling.
25

  

Indeed, the absence or presence of a PEG spacer was found to significantly alter the antibacterial 

activity of surface-immobilized chrysophsin 1, where functionalized surfaces incorporating the 

flexible spacer killed 82% of E. coli cells while only 34% of the cells were killed by AMP-

surfaces that lacked the spacer group.
26

 

Despite the demonstrated improvement in immobilized-AMP activity when spacer groups are 

employed, the relationship between spacer length and degree of peptide activity remains under-

examined.  Furthermore, comparison of experimental results for a singular AMP within the 

existing research is complicated by the lack of uniformity in peptide surface densities, strains and 

concentrations of pathogen(s) evaluated, and test methods used to quantify antimicrobial activity.  

Thus, the objective of this work is to utilize a rapid immobilization technique for the systematic 

characterization of the bactericidal activity of cecropin A (CPA) in a variety of surface 

presentations.  Specifically, following conjugation of maleimide-modified CPA to thiol 

functional groups localized to PEG hydrogel surfaces, where the molecular weight, number of 

thiol groups, and surface concentration of the thiol-terminated PEG spacer were varied, the 
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 6

activity of CPA against E. coli was evaluated.  Additionally, immobilized peptide activity was 

examined in response to the location of the maleimide conjugation site within CPA, whereby a 

maleimide-modified lysine residue was inserted at either the C-terminus of the CPA sequence or 

within the middle of the sequence at a position that serves as a “hinge” region in the folded 

peptide.  In both cases, analogous sequences featuring glycine residues between the native CPA 

sequence and the modified lysine residue were prepared to determine whether the resultant 

separation between the peptide and hydrogel-bound thiol conjugation site affects anti-bacterial 

activity by enabling folding into the active state to be more readily achieved. 

 

MATERIALS AND METHODS 

Materials.  2,4,6-Trimethylbenzoyl chloride and allyl bromide were purchased from Fisher 

Scientific (Franklin, MA).  Dimethoxyphenylphosphine, lithium bromide, sodium hydride, 

poly(ethylene glycol) (PEG, Mn 10,000 g mol
-1

), poly(ethylene glycol) diacrylate (PEGDA, Mn 

700 g mol
-1

), ethylenediaminetetraacetic acid (EDTA), Luria Bertani (LB) broth (Lennox), LB 

agar, sodium chloride, potassium phosphate monobasic, potassium phosphate dibasic, 

ammonium sulfate, trisodium citrate dihydrate, D-(+)-glucose, acetic acid, and bovine serum 

albumin (BSA) were purchased from Sigma Aldrich (St. Louis, MO).  Three 4-arm PEG-thiols 

(Mn 5,000 g mol
-1

, 10,000 g mol
-1

, and 20,000 g mol
-1

) and one 8-arm PEG-thiol (Mn 20,000 g 

mol
-1

) were purchased from JenKem Technology (Tianjin, China).  Four custom CPA sequences 

containing a maleimide-modified lysine residue (denoted by K
*
) in one of two positions, C-

terminus or mid-chain and with or without a glycine spacer (see Table 1), were purchased from 

New England Peptide (Boston, MA).  Alexa Fluor 488 C5-maleimide, 5,5’-dithiobis-(2-

nitrobenzoic acid) (Ellman’s reagent), and LIVE/DEAD BacLight bacterial viability kit were 

purchased from Life Technologies (Grand Island, NY).  All materials were used as received. 
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 7

 

Table 1.  Maleimide-modified cecropin A sequences and their respective minimum inhibitory 

concentrations (MICs) against E. coli K235. 

Abbreviation Sequence MIC (µg mL
-1

) 

CPA–K
* H–KWKLFKKIEK VGQNIRDGII KAGPAVAVVG QATQIAKK

*
–

CONH2 

1.56 ± 0.00 

CPA–GGGGK
*
 H–KWKLFKKIEK VGQNIRDGII KAGPAVAVVG QATQIAKGGG 

GK
*
–CONH2 

2.61 ± 0.91 

–AK
*
G– H–KWKLFKKIEK VGQNIRDGII KAK

*
GPAVAVV GQATQIAK–

CONH2 

25 ± 0 

–GGAK
*
GGG– H–KWKLFKKIEK VGQNIRDGII KGGAK

*
GGGPA VAVVGQATQI 

AK–CONH2 

>50 

 

Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (lithium acylphosphinate, LAP) was 

synthesized according to a previously-described method
27

 in 80% yield over two steps.  PEG-

diallyl ether (PEGDAE) was synthesized using a modified method from the literature.
28

  Briefly, 

dihydroxylated PEG (Mn 10,000 g mol
-1

) was dissolved in toluene under nitrogen and excess 

sodium hydride was added slowly.  After gas evolution, a large excess of allyl bromide was 

added drop-wise, and the reaction was heated to 70°C and stirred for 24 hours.  The reaction 

mixture was then filtered and added drop-wise to cold diethyl ether.  The resultant precipitate 

was isolated, dried, dissolved in deionized water, and dialyzed against a large volume of 

deionized water.  Finally, the retentate was lyophilized to afford PEGDAE 10k as a white, free-

flowing powder, and quantitative end-group functionalization was verified by 
1
H NMR. 

Fabrication of Hydrogel Cores and Coatings.  Cross-linked PEGDA hydrogel cores were 

used as the underlying substrates for all antimicrobial studies.  The hydrogel cores were formed 

from a pre-polymer solution containing PEGDA (700 g mol
-1

, 20 wt%) and 0.05 wt% LAP as a 
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 8

photoinitiator in sterilized, deionized water.  52 µL of pre-polymer was injected into a sterile 96-

well microtiter plate (Greiner Bio-One, black with coverslip bottoms) and irradiated for 25 s 

under ultraviolet light (30 mW cm
-2

 from an Omnicure S1000 (Lumen Dynamics) equipped with 

a 320-390 nm filter) through a photomask featuring 3.0 mm diameter circles (2:1 aspect ratio) 

and adhered to the base of the microtiter plate.  After polymerization, a micropipette was used to 

remove the unreacted pre-polymer solution, and the remaining solid hydrogel discs were rinsed 

with deionized water and swollen overnight in 55 µL of a 10 mM LAP solution. 

After swelling, a polymer coating was formed on the hydrogel cores using a photo-mediated 

interfacial polymerization technique (see Scheme 1).  For this process, the LAP solution 

surrounding the solid hydrogel was removed and, immediately after adding 55 µL of a pre-

polymer immersate solution containing PEGSH and PEGDAE in a 2:1 SH:C=C ratio, the well 

was irradiated with ultraviolet light (5 mW cm
-2

, 320-390 nm), initiating polymerization 

exclusively at the interface of the hydrogel and the pre-polymer immersate solution to generate 

the polymer coating. 

 

 

Scheme 1.  Illustration of the interfacial photo-polymerization technique.  The photoinitiator 

(LAP) and reactive monomers (PEGDAE and PEGSH) are initially spatially confined in a PEG-

based hydrogel and immersate solution, respectively.  Upon contact, the molecular species 

diffuse in opposing directions; under irradiation, LAP undergoes homolytic scission to generate 
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 9

radicals that initiate thiol–ene polymerization, and affords a hydrogel coating incorporating 

residual, unreacted thiol groups that may be conjugated with maleimide-functionalized CPA. 

 

The duration of light exposure was tailored for each PEGDAE and PEGSH immersate solution 

such that the final coating thickness was approximately 60 µm (see Table 2).  Following 

irradiation, unreacted pre-polymer solution was removed, and the coated hydrogels were rinsed 

three times with sterilized, deionized water. 

Coating Characterization.  The thickness of the cross-linked coatings as a function of 

exposure time was measured by laser scanning confocal microscopy (Zeiss LSM 710).  Coated 

hydrogels were incubated for 1 hr with Alexa Fluor 488 C5 maleimide (0.1 mM) in 0.1 M PBS 

(pH 7.2) to label free thiol functional groups in the coatings.  The fluorescent staining solution 

was then replaced with deionized water to allow unreacted dye to leach out of the coated 

hydrogel; the leachate was replaced with fresh water every 15 min for 1 hr.  The fluorescent 

coating was visualized by exciting at 488 nm and recording emission from 460 – 520 nm. 

The amount of free thiols within the hydrogel coatings was quantified using Ellman’s reagent.  

After removing the deionized water from wells containing coated hydrogels, 50 µL of reaction 

buffer (0.1 M PBS, pH 8.0, with 1 mM EDTA) and 1 µL of Ellman’s reagent solution (0.4 

wt/vol% Ellman’s reagent in reaction buffer) were added.  A reference solution was formulated 

from 50 µL of reaction buffer mixed with 1 µL of Ellman’s reagent solution and 6 µL of 

deionized water.  The 96-well microtiter plate was agitated for 15 min at room temperature, after 

which 50 µL of the test and reference solutions were transferred to separate wells in a fresh 

microtiter plate for absorption measurements at 412 nm using a microplate reader (SpectraMax 

M5, Molecular Devices).  The quantities of thiol functional groups in the coatings were 
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 10

calculated by the Beer-Lambert law using the molar extinction coefficient of 2-nitro-5-

thiobenzoic acid (i.e., the colored cleavage species of Ellman’s reagent, ε = 14,150 M
-1

 cm
-1

).
29

  

All measurements were performed in triplicate. 

Peptide Immobilization.  Cecropin A was immobilized to the hydrogel disc surfaces by 

reacting the maleimide functional groups on the CPA sequences with free thiols in the polymer 

coatings via Michael addition (Scheme 2).  Surface functionalization was conducted by adding 

100 µL of an aqueous solution formulated with a 10-fold molar excess of maleimide-

functionalized peptide (1 mM CPA) in 0.1 M PBS (pH 7.2) to each hydrogel well.  The 

microtiter plates housing the hydrogels and CPA solutions were agitated for 15 min and 

incubated overnight at 4°C.  After removing the buffer solution, the hydrogels were rinsed three 

times with sterile deionized water and placed under agitation for 1 hr with deionized water 

replacement every 15 min.  Negative control samples were treated identically using sterile 0.1 M 

PBS (pH 7.2) that excluded the maleimide-functionalized peptide. 

 

 

Scheme 2.  Immobilization of cecropin A.  The antimicrobial peptide cecropin A was affixed to 

thiol groups on the surfaces of hydrogels via Michael addition with a maleimide functional group 

positioned either mid-sequence or at the C-terminus of the peptide. 
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 11

Circular Dichroism Spectroscopy.  Circular dichroism (CD) spectroscopic measurements 

were performed using a Jasco J-1500 CD Spectrometer (190 to 240 nm wavelength scan at 50 

nm min
-1

).  For solution-phase measurements, 1 mm pathlength CD cuvettes were filled with 400 

µL of aqueous peptide solution (30 µg mL
-1

) in presence and absence of 50% trifluoroethanol 

(TFE), which can serve as a biomimetic model for biological membranes, and baseline corrected 

with a pure solution of water or 50% TFE, respectively.  Collected CD ellipticity values (mdeg) 

were normalized to mean residue ellipticity values ([θ]MR, deg cm
2
 dmol

-1
) and fitted with 

spectra reference SMP180 (optimized for 190–240 nm), a dataset for membrane proteins 

accessible from the DircroWeb server (http://dichroweb.cryst.bbk.ac.uk/), to analyze secondary 

structure components.
30

  Spectra are reported as the average of 4 scans. 

Owing to the inherent absorbance by the hydrogels in the spectral region of interest, CD 

studies on immobilized peptides were performed using peptides affixed to quartz disks.  An 

acrylic self-assembled monolayer was prepared on the surface of thoroughly cleaned and plasma-

treated quartz disks by an overnight incubation in 5% 3-acryloxypropyl trimethoxysilane 

solution (in ethanol).  4-arm, 10 g mol
-1

 PEGSH was then bound to the surface using a 

triethylamine-catalyzed Michael Addition, and CPA sequences were conjugated to the free thiols 

by their maleimide handles in sets of 5.  Additionally, 5 slides were left untreated for use as 

blanks, while 5 more were used to quantify thiol surface density via Ellman’s reagent.  For 

immobilized peptide CD analysis, a layer of water or 50% TFE (10 µL) was dispersed between 

the disks, and CD spectra were collected using the set of 5 untreated disks as a blank.  Spectra 

are presented as the average of 4 scans. 

Cell Culture.  The bacterial strains employed in this study were E. coli K235 (ATCC 13027), 

E. coli serotype O157:H7 (ATCC 700728), and Shigella sonnei (ATCC 25931).  Cultures were 
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 12

inoculated on LB agar and incubated overnight at 37°C.  An individual colony was isolated from 

the plate and grown in 15 mL of LB broth at 37°C in a bench top incubator shaker (250 rpm, 

Innova 4000, New Brunswick Scientific) until late-log phase (OD600 ≥ 1.0).  For minimum 

inhibitory concentration studies, the test inoculum was diluted to 1×10
8
 cfu mL

-1
 (~0.06 OD670) 

in LB broth.  Prior to quantifying the antimicrobial activity of the CPA-functionalized hydrogels, 

cells were washed by centrifugation for 10 min and, after the supernatant was removed, 

resuspended in sterile 0.85 wt/vol% sodium chloride.  This centrifugation/resuspension cycle 

was repeated twice and, following the final wash, the cells were suspended in a 139 µM glucose 

solution in modified Davis-Mingioli (DM) growth medium (0.53 wt/vol% potassium phosphate 

dibasic, 0.2 wt/vol% potassium phosphate monobasic, 0.1 wt/vol% ammonium sulfate, and 0.05 

wt/vol% trisodium citrate dihydate).  The test inoculum was diluted to a final concentration of 

1×10
8
 cfu mL

-1
 (~0.06 OD670) for antimicrobial activity quantification. 

Minimum Inhibitory Concentration (MIC) Assays.  The minimum inhibitory 

concentrations of CPA solutions were determined in accordance with the protocol outlined by 

Wiegand et al.
31

  Briefly, each well of a 96-well polypropylene microtiter plate was inoculated 

with 90 µL of a 1:200 dilution of the test inoculum.  10 µL of serially-diluted peptide solutions 

in 0.01% acetic acid and 0.2% BSA over concentrations ranging from 0.1 µg mL
-1

 to 50 µg mL
-1

 

were added to the wells of the microtiter plate.  The microtiter plates were incubated overnight at 

37°C.  Cultures without peptide were used as positive controls; uninoculated LB broth was used 

as a negative control.  Minimum inhibitory concentration was defined as the lowest 

concentration of CPA at which no visible cell growth was observed.  Studies were conducted in 

triplicate. 
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 13

Antimicrobial activity.  The antimicrobial activity of all CPA-functionalized hydrogels 

against E. coli K235 and a single set of CPA-K
*
 functionalized hydrogels (4-arm, 10k g mol

-1
 

PEGSH) against E. coli O157:H7 and Shigella were determined using a microplate reader.  

Specifically, individual CPA-functionalized hydrogels (and controls) were incubated with 60 µL 

of test inoculum at 25°C for 3 hr while shaking at 100 rpm.  For the bacterial concentration used 

in this study, 60 µL of test inoculum contains sufficient cells to cover roughly 40% of the surface 

of a coated hydrogel (d = 3.12 mm, h = 1.56 mm) assuming all cells have an elliptical cross-

section (a = 2 µm, b = 1 µm) and are oriented longitudinally along the surface.
32

  10 µL CPA 

solutions, formulated at concentrations matching the molar quantity of immobilized CPA on 

their respective hydrogels (i.e., 15 µM, 50 µM, or 135 µM), constituted the positive controls, 

while coated gels featuring no immobilized CPA served as negative controls.  A growth control 

(60 µL of test inoculum) was also included for comparative purposes.  After the 3 hr incubation, 

50 µL of the inoculum was withdrawn and combined with 50 µL of LIVE/DEAD BacLight stain 

(0.3 vol/vol% SYTO 9 and 0.3 vol/vol% propidium iodide in sterile, deionized water) in a fresh 

96-well microtiter plate (Costar, black with clear bottom).  The microtiter plate was incubated at 

room temperature in the dark for 15 min.  To determine the percent dead cells within each well, 

the microtiter plate was then exposed to an excitation wavelength of 485 nm, and fluorescence 

intensities at 530 nm (live cells) and 630 nm (dead cells) were measured such that the ratio of the 

two intensities could be calculated and compared to signals of a calibration curve generated from 

known ratios of live:dead bacteria.  All studies were performed in triplicate. 

Statistical analysis.  Results presented herein are expressed as mean ± standard deviation (n = 

3).  One-way Analysis of Variance (ANOVA) was used to determine statistical significance 
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 14

between data sets (α = 0.05).  For data sets with significant differences in means, the Tukey test 

was applied to identify the source(s) of variation. 

 

RESULTS AND DISCUSSION 

Photo-Mediated Polymer Coatings.  Cross-linked polymer coatings containing unreacted 

thiols were formed on the surfaces of PEG hydrogels using an interfacial photo-polymerization 

technique where the photoinitiator, LAP, and the reactive monomer species, PEGSH and 

PEGDAE, were initially confined to distinct spatial regions, where LAP was within the hydrogel 

substrate and the PEG species in the surrounding aqueous immersate solution.  Upon UV 

irradiation, diffusion of radical initiator fragments from the hydrogel core into the aqueous 

immersate initiated thiol–ene polymerization exclusively at the hydrogel/solution interface, 

generating conformal polymer coatings.  The radical-mediated thiol–ene polymerization 

mechanism proceeds through alternating propagation and chain transfer events in which thiol and 

vinyl groups are consumed at equal rates when electron-rich vinyl functional groups, such as 

vinyl ethers and allyl ethers, are utilized as the ene-bearing monomer (Scheme 3).
33

  

Consequently, formulating the reactive monomer solutions with a twofold excess of thiols 

relative to allyl ether functional groups ensured unequal conversion of these functionalities such 

that abundant unreacted thiols were retained and available for use as peptide immobilization 

handles in the cross-linked coatings.  To visualize the thiolated coating on the cross-linked PEG 

hydrogel cores, the thiol groups were subjected to Michael addition with a maleimide-

functionalized fluorophore and examined using confocal microscopy (see Figure 1). 
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Scheme 3.  Thiol–ene reaction mechanism.  Upon initiation, the thiol–ene polymerization 

proceeds via alternating propagation/chain transfer reactions prior to termination.  This reaction 

mechanism assumes ideal conditions in which the alternating steps proceed at the same overall 

rate. 

 

a)  b)  

Figure 1.  Fluorescent images of coated hydrogels.  Here, cross-linked PEG acrylate hydrogel 

cores were immersed in a 40 wt% monomer solution formulated with 4-arm, 10k g mol
-1

 PEGSH 

and PEGDAE (SH:C=C, 2:1), irradiated for 35 s, and stained with Alexa Fluor c5 maleimide.  

Sections were taken at a) the top surface and b) at a depth of 750 µm.  Scale bar = 100 µm. 

 

In order to most effectively preserve antimicrobial activity of K
*
-modified CPA peptides upon 

immobilization, the surface presentation of the conjugation sites (i.e., thiols) affixed to the coated 
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hydrogels should enable the bound peptides to approximate the configuration they would adopt 

in solution.  Consequently, the thiol handles used to conjugate the AMPs must be relatively 

flexible, present in high concentrations, and extend a sufficient distance away from the hydrogel 

surface for the AMPs to assume an active conformation and penetrate the lipid bilayer of whole 

cell bacteria as aggregates that induce widespread membrane disruption.
34

  The cross-linked 

polymeric coatings in this study were thus generated from aqueous solutions containing mixtures 

of flexible, high molecular weight PEGDAE and PEGSH monomers.  As illustrated in Scheme 4, 

the surface presentation of the thiol handles was manipulated by varying the molecular weight 

and degree of thiol functionalization of the precursor PEGSH, while the surface density of thiol 

conjugation sites was determined by the overall weight fraction of PEG-based monomer in the 

immersate solution. 

 

a)  

b)  

c)  

Scheme 4.  Surface presentation of thiol handles following interfacial thiol–ene photo-

polymerization and illustrated as a function of a) 4-arm PEGSH molecular weight, b) degree of 

PEGSH thiol functionalization, and c) wt% PEG in 4-arm, 10k g mol
-1

 PEGSH/PEGDAE 

formulations. 
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The influence of linker length and functional group clustering on immobilized peptide activity 

were investigated by preparing coatings generated from PEGSH species of increasing molecular 

weights (Scheme 4a) and degrees of thiol functionalization (Scheme 4b), respectively.  Since 

each system undergoes interfacial polymerization at a different rate, the duration of light 

exposure (i.e., the period over which the interfacial polymerization proceeds and coating 

develops) was tailored for each formulation to afford a final coating thickness of 60 µm.  

Moreover, the weight fraction of the PEG-based monomers in the aqueous immersate was 

adjusted such that 0.55 nmol of thiol conjugation sites remained in the cross-linked coating, 

which corresponded to a final thiol concentration of approximately 410 µM at the target coating 

volume.  The specific weight fractions and exposure times used for each formulation to yield the 

desired coating thickness and thiol concentration are tabulated in Table 2. 

 

Table 2.  PEGSH/PEGDAE pre-polymer formulations, irradiation times, and coating properties. 

PEGSH wt% PEG Irradiation time (s) 

Coating properties 

Thickness (µm) Thiol concentration (µM) 

4-arm, 5k g mol
-1

 15 25 61 ± 7 390 ± 60 

4-arm, 10k g mol
-1

 10 60 59 ± 3 90 ± 10 

4-arm, 10k g mol
-1

 20 40 59 ± 4 430 ± 20 

4-arm, 10k g mol
-1

 40 35 61 ± 5 990 ± 230 

4-arm, 20k g mol
-1

 30 48 58 ± 3 410 ± 10 

8-arm, 20k g mol
-1

 20 40 59 ± 6 400 ± 70 

 

Comparison of the requisite UV exposure times among monomer solutions formulated from 

PEGSH species of differing molecular weights indicates that the rate of coating development 

Page 17 of 40

ACS Paragon Plus Environment

ACS Biomaterials Science & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 18

depends on the PEGSH precursor molecular weight.  For example, 60 µm thick coatings made 

from 4-arm PEGSH with molecular weights of 5k, 10k, and 20k g mol
-1

 were generated after 25, 

40, and 48 s of UV irradiation, respectively.  As the diffusivity of PEG in aqueous solution 

approximately scales inversely with the square root of its molecular weight,
35

 this indicates that 

the rate at which the interfacial polymerization front advances is limited by diffusion of 

monomer from the bulk immersate solution to the surface of the gel.  Notably, the interaction 

between reaction and diffusion kinetics in interfacial polymerizations is complex, as is observed 

for pre-polymer immersate solutions formulated with 8-arm, 20k g mol
-1

 PEGSH.  This 8-arm 

pre-polymer is significantly larger than the 4-arm, 10k g mol
-1

 PEGSH, suggesting that a longer 

irradiation period would be required for the 20k g mol
-1

 PEGSH to generate an equivalent 

coating thickness; however, given the significantly lower theoretical gel point conversion for the 

step growth polymerization of an octafunctional/difunctional comonomer formulation versus a 

tetrafunctional/difunctional one (53% versus 82%, respectively, for the 2:1 thiol:ene 

stoichiometric ratio employed here),
36

 a nascent, cross-linked coating should be generated earlier 

in the polymerization for the pre-polymer immersate solution formulated with 8-arm, 20k g mol
-1

 

PEGSH.  Thus, although a cross-linked gel likely develops more rapidly in close proximity to the 

core hydrogel surface for 8-arm, 20k g mol
-1

 PEGSH pre-polymer solutions than for those 

formulated with 4-arm, 10k g mol
-1

 PEGSH, the rate of outward growth is reduced such that both 

formulations require 40 s of UV irradiation to generate equivalent, 60 µm thick conformal 

coatings. 

To assess the relationship between the surface density of thiol conjugation sites (Scheme 4c) 

and immobilized peptide activity, the weight fraction of PEG in pre-polymer immersate solutions 

formulated from PEGDAE and 4-arm, 10k g mol
-1

 PEGSH was varied.  For interfacially 
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photopolymerized coatings using an immersate solution containing 10 wt% PEG, the free thiol 

concentration was found to be 0.12 ± 0.01 nmol, whereas increasing the monomer content in the 

immersate to 40 wt% PEG yielded similarly photopolymerized coatings containing 1.3 ± 0.3 

nmol free thiol.  Since the coating thickness was maintained at 60 µm after polymerization by 

tailoring the duration of UV irradiation to each formulation, the 10 wt% PEG and 40 wt% PEG 

formulations afforded thiol concentrations of 90 ± 10 µM and 990 ± 230 µM, respectively, 

within their polymerized coatings.  Kinetic analysis of thiol–ene polymerizations has revealed 

that such reactions, when performed with allyl ethers as the vinyl group, are chain transfer-

limited and proceed as first order reactions with respect to thiol concentration;
37

 consequently, 

the thickness of coatings generated using immersate solutions formulated to contain high thiol 

concentrations should develop more rapidly than those containing reduced thiol concentrations.  

Indeed, increasing the monomer content from 10 wt% PEG to 40 wt% PEG did reduce the 

irradiation period required to generate a 60 µm thick coating by a factor of approximately two, 

from 60 s to 35 s. 

Minimum Inhibitory Concentrations.  The antibacterial activity of all CPA sequences that 

were modified to incorporate a maleimide-bearing lysine residue (i.e., K
*
) was evaluated against 

E. coli K235.  As the bactericidal activity of CPA has been shown to be sensitive to variations in 

the chemistry of the N-terminal residues,
38

 the first set of modifications to the CPA residue 

sequence were performed to incorporate the exogenous maleimide-bearing lysine residue, K
*
, at 

the C-terminus.  Two additional sequence modifications were constructed based on the active 

conformation CPA adopts when superficially adsorbed to a bacterial cell membrane.
39

  In this 

state, the peptide folds into a pair of α-helices connected by Ala22–Gly23 that serves as a flexible 

hinge;
40

 thus, in a second set of modified CPA sequences, K
*
 was localized to the hinge region 
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between Ala22 and Gly23.  For both sets of sequence modifications, K
*
 was incorporated in the 

presence of either preceding or flanking glycine residues to determine if the neutrally charged, 

flexible spacer prevented unfavorable interactions between K
*
 and neighboring α-helical or 

hinge domains.  The specific sequences of the four peptides are provided in Table 1. 

Prior to surface immobilization, the four modified CPA sequences were screened for activity 

against E. coli K235 by performing broth microdilution assays in the presence of acetic 

acid/BSA.  As shown in Table 1, the lowest MIC (1.56 ± 0.00 µg mL
-1

) was attained when the 

maleimide-bearing lysine residue was affixed to the C-terminus of CPA, yielding a peptide with 

an MIC comparable to that of native CPA against E. coli (1.40 µg mL
-1

).
38

  MIC testing was also 

performed with the CPA-K
*
 variant against two additional Gram-negative species, E. coli 

O157:H7 and Shigella sonnei.  MIC values for these microbes were similarly low at 0.23 ± 0.1 

µg mL
-1

 and 0.26 ± 0.1 µg mL
-1

, respectively, indicating the excellent antibacterial activity 

retention of this peptide against Gram-negative bacterial species.  The addition of a 4-glycine 

bridge at the C-terminus between the native sequence and K
*
 resulted in little change to the MIC; 

however, placement of K
*
 between residues Ala22 and Gly23 significantly and adversely affected 

the antibacterial activity of the resultant peptide, yielding an MIC approximately an order of 

magnitude higher than those of the C-terminus-modified variants.  Moreover, inclusion of two 

glycine residues preceding Ala22 and following Gly23 further degraded antibacterial activity, 

resulting in an MIC that exceeded the upper boundary of the test concentrations (>50 µg mL
-1

). 

Solution-phase CD Spectroscopy.  Conformational changes in aqueous versus 50% TFE 

solutions of the 4 modified CPA sequences were investigated using CD spectroscopy, and the 

results are presented in Figure 2.  In aqueous solution, the peptides adopt a mixed secondary 

structure composed primarily of random coil with β-strands and turns contributing in varying 
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degrees.  The α-helix content within the peptides is minimal in pure water.  However, when the 

peptides are immersed in a biomimetic membrane solution of 50% TFE, the α-helix fraction 

increases dramatically, indicating that CPA becomes more ordered in the presence of a 

membrane.  The quantity of α-helix correlates with the trend in MIC values in that CPA-K
*
 

adopts >90% α-helical structure and displays the lowest MIC while –GGAK
*
GGG– achieves 

20% α-helix and had an MIC value that exceeded the upper boundary of the test range. 

 

a)  b)  

c)  d)  

Figure 2.  Solution-phase CD spectra for maleimide-modified CPA sequences.  Normalized 

mean residue ellipticity values as a function of wavelength are presented for the peptides in a) 

aqueous solution and b) in the presence of 50% TFE.  Secondary structural contributions for the 

peptides in c) aqueous solution and d) 50% TFE. 
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Antimicrobial Activity of Immobilized CPA.  Bactericidal activity of hydrogel-immobilized 

CPA against E. coli K235 was quantified, and the results are presented in Figure 3 and Figure 4 

as the percentage of dead cells in solution following a 3 hr incubation period.  Specifically, the 

influences of linker length and aggregation on retained antimicrobial activity for the mid-

sequence and C-terminus immobilization orientations are depicted in Figure 3a and 3b and 

Figure 4a and 4b, respectively, whereas the relationship between peptide surface density and 

activity for hydrogels functionalized with –GGAK
*
GGG– or CPA–K

*
 is illustrated in Figure 3c 

and Figure 4c, respectively. 

When CPA was immobilized to the coated hydrogel surfaces by a mid-sequence K
*
 (i.e., –

AK
*
G–, Figure 3a), the peptide displayed a dramatic reduction in bactericidal activity relative to 

the modified peptide in solution regardless of linker length or surface presentation of the PEGSH 

conjugation handle incorporated in the cross-linked coating.  Addition of flanking glycine 

residues to the “hinge” region (i.e., –GGAK
*
GGG–, Figure 3b) further decreased the solution-

based activity, and the activity of this immobilized CPA sequence was similarly low.  However, 

the mid-sequence immobilized CPA with flanking glycine residues demonstrated a significant 

reduction in E. coli K235 population over coated, unfunctionalized negative control gels at a 

shorter PEGSH linker length than CPA immobilized at the “hinge” region without glycine 

spacers.  For the –GGAK
*
GGG– sequence, significant E. coli K235 cell death relative to 

negative controls was observed beginning with the 4-arm, 10k g mol
-1

 PEGSH linker, while 

significant reduction in E. coli K235 population was not seen for the –AK
*
G– sequence until the 

4-arm, 20k g mol
-1

 PEGSH linker was employed.. 

A significant increase in CPA activity with respect to the PEGSH linker used for peptide 

immobilization was only observed for coatings generated from 8-arm, 20k g mol
-1

 PEGSH and 
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featuring the –AGGK
*
GGG– CPA sequence.  Since the high number of thiol functional groups 

in the 8-arm monomer afforded clusters of flexible conjugation sites within the cross-linked 

coating, the observed and significant increase in peptide activity from this surface presentation 

supports the conventional theory that CPA aggregates are necessary to induce widespread 

membrane disruption and release of intracellular components through the resultant large pores.
41

  

Regardless, 16 ± 2% dead cells (see Figure 3b, 8-arm, 20k PEGSH) represents a significant loss 

of peptide activity compared to the 32 ± 3% dead cells observed for the same CPA sequence in 

solution (Figure 3b, solution).  Importantly, as noted in the Materials and Methods, these low 

death rates cannot be attributed to saturation of the surfaces by the accumulation of dead bacteria 

as the bacterial loads employed in this study are capable of covering a maximum of 40% of the 

hydrogel surfaces, which were subjected to agitation over the entire 3 hr incubation period. 

 

a)  b)  

c)  
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Figure 3.  %Dead E. coli K235 for CPA sequences modified with a maleimide positioned 

between the A22–G23 residues.  Activities of coated, unfunctionalized hydrogels (�), modified 

CPA sequences free in solution (�), and modified CPA immobilized to coated hydrogels (�) 

are shown for varying PEGSH linker lengths and functionalization degrees a) without (i.e., –

AK
*
G–) and b) with flanking Gly spacer residues (–GGAK

*
GGG–), or c) to hydrogel coatings 

generated from 4-arm, 10k g mol
-1

 PEGSH/PEGDAE pre-polymer solutions using 10, 20, or 40 

wt% PEG and subsequently surface-functionalized with –GGAK
*
GGG– at 90, 430, or 990 µM 

concentrations, respectively. 

 

The low activity of CPA sequences immobilized to hydrogel substrates by a mid-sequence K
*
 

residue is perhaps unsurprising given the high MIC values obtained for these sequences in 

solution (see Table 1); thus, this low activity may in part be attributed to the location of K
*
 

within the native CPA sequence rather than inherent deficiencies associated with the PEGSH 

linkers.  Indeed, localization of the K
*
 residue to the A–G “hinge” region decreased the α-helix 

content in solution-phase CPA secondary structure immobilized relative to CPA sequences with 

K
*
 inserted at the C-terminus, although the degree of α-helix content within immobilized –

AK
*
G– appears to be on par with that of CPA immobilized by a C-terminus K

*
 residue (i.e., 

CPA–K
*
, Figure 5).  At the immobilization test conditions (i.e., 410 µM CPA per gel and 1×10

8
 

cfu mL
-1

 E. coli), the positive control –AK
*
G– and –GGAK

*
GGG– CPA solutions were able to 

kill only 70 ± 1% and 32 ± 3% of the test inoculum, respectively, and once tethered to the 

hydrogel surfaces exhibited substantial loss of their already low degrees of activity.  However, 

when the surface concentration of –GGAK
*
GGG– was raised from 90 µM to 990 µM using 

coatings formulated with 4-arm, 10k g mol
-1

 PEGSH, the bactericidal activity of immobilized –
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GGAK
*
GGG– increased from 3.7 ± 3.6% to 20 ± 4%.  The solution-phase –GGAK

*
GGG– CPA 

sequence displayed a similar increase in activity, killing 59 ± 4% of the test inoculum at 990 µM 

versus 32 ± 4% of the test inoculum at 90 µM (Figure 3c); therefore, even at the highest surface 

density examined, CPA exhibited a loss of nearly two thirds of its solution-phase activity when 

conjugated by a residue within the hinge region. 

 

a)  b)  

c)  

Figure 4.  %Dead E. coli K235 for CPA sequences modified with a maleimide at the C-

terminus.  Activities of coated, unfunctionalized hydrogels (�), modified CPA sequences free 

in solution (�), and modified CPA immobilized to coated hydrogels (�) are shown for varying 

PEGSH linker lengths and functionalization degrees a) without (i.e., CPA–K
*
) and b) with Gly 

spacer residues (CPA–GGGGK
*
), or c) to hydrogel coatings generated from 4-arm, 10k g mol

-1
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PEGSH/PEGDAE pre-polymer solutions using 10, 20, or 40 wt% PEG and subsequently 

surface-functionalized with CPA–K
*
 at 90, 430, or 990 µM concentrations, respectively. 

 

Although limited antibacterial activity was observed for hydrogels functionalized with CPA 

via mid-chain K
*
 handles, substantial cell death was seen when the K

*
 residue was affixed to the 

peptide’s C-terminus (Figure 4a and 4b), suggesting that binding CPA from a C-terminal residue 

affords sufficient rotational freedom for the AMPs to retain antimicrobial activity regardless of 

the PEGSH linker.  CD spectroscopic analysis of the CPA-K
*
 sequence immobilized to the 4-

arm, 10k g mol
-1

 PEGSH linker confirmed this assumption; the peaks corresponding to α-helix 

secondary structure (i.e., negative bands at 208 nm and 222 nm and a positive peak at 193 nm) 

increase in presence of TFE, indicating that the PEG linker does not prevent the hinged, α-

helical conformation from being achieved (see Figure 5).  Although the low peptide surface 

coverage (0.21 ± 0.09 nmol cm
-2

) precluded sufficient signal strength for quantitative CD 

spectral analysis, prior work by North and Taitt demonstrated that the α-helical content in CPA 

bound by a C-terminus cysteine residue is quantitatively equivalent to that of solution-phase 

CPA.
42

 

 

a)  b)  
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Figure 5.  CD spectra for CPA immobilized to quartz via a 4-arm, 10k g mol
-1
 PEGSH.  CD 

ellipticity values as a function of wavelength are presented for the immobilized peptides 

immersed in a) aqueous solution and b) in the presence of 50% TFE. 

 

As seen in Figure 4c and 4d, the greatest dead cell percentages for the linkers examined were 

observed when CPA–K
*
 (99 ± 1%) and CPA–GGGGK

*
 (91 ± 4%) were bound to coatings 

formulated with 4-arm, 5k g mol
-1

 PEGSH.  Increasing the linker length caused a slight decrease 

in E. coli K235 cell death for both bound CPA sequences, but these changes were not statistically 

significant.  Moreover, using 8-arm, 20k g mol
-1

 PEGSH in place of 4-arm, 10k g mol
-1

 PEGSH 

to spatially aggregate immobilized peptides had negligible impact on the anti-E. coli activity of 

CPA–K
*
 and a statistically insignificant improvement in the activity of CPA–GGGGK

*
.  Finally, 

no significant difference was observed between CPA–K
*
 and CPA–GGGGK

*
 activity when the 

peptides were immobilized to identical hydrogel surfaces, irrespective of the employed linker, 

indicating that the Gly spacer does not provide any additional, advantageous conformational 

freedom.  Although the hydrogel surface area to bacterial load ratio employed in this work 

prevented surface saturation by the pathogen, a distinct advantage of PEG-based hydrogels as 

AMP immobilization platforms is their inherent resistance to fouling,
43

 enabling their use under 

bacterial loads that would otherwise saturate the polymer surface with debris from dead bacteria 

and facilitate reusability. 

The insignificant variation in the activity of C-terminus-immobilized CPA for the PEGSH 

linkers examined may be attributed to the linker lengths all being at or above the critical 

threshold for the peptide to effectively form cytotoxic pores in E. coli cell membranes.  Recent 

work demonstrated that the mechanism of action for immobilized chrysophsin-1, a histidine-rich 
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AMP, is mediated by the molecular weight of the PEG-based surface linker.
44

  When 

immobilized by a PEG linker with a molecular weight of less than 1k g mol
-1

, chrysophsin-1 

destabilized bacterial membranes by cation displacement; however, for a 7.5k g mol
-1

 PEG 

linker, the AMP was able to generate pores in the bacterial membrane and thus display increased 

antibacterial activity.  Given that CPA activity against E. coli K235 was highest using 4-arm, 5k 

g mol
-1

 PEGSH, one may infer that the AMP’s mechanism of action is predominantly membrane 

pore formation at linear PEGSH molecular weights of 2.5k g mol
-1

 and above. 

To further illustrate the relationship between the peptide surface and its degree of retained 

activity, the surface density of C-terminus immobilized CPA (CPA–K
*
, Figure 4c) using 4-arm, 

10k g mol
-1

 PEGSH as the linker was varied and the antimicrobial activity of the resultant 

surfaces was measured.  When the surface concentration of CPA–K
*
 was set at 90 ± 10 µM, the 

immobilized peptide demonstrated a 54% loss of antimicrobial activity relative to its activity 

when free in solution; however, as the surface concentration was increased to 430 ± 20 µM and 

990 ± 230 µM, the immobilized CPA retained 96% and 98% of its antibacterial activity, 

respectively.  This suggests that a threshold surface concentration exists at which CPA maintains 

a high degree of its solution-based activity upon immobilization and, for CPA–K
*
, this value is 

between 90 and 430 µM, but for –GGAK
*
GGG–, the concentration is above 990 µM.  The 

degree of immobilized CPA activity against two additional Gram-negative pathogens, E. coli 

O157:H7 and Shigella sonnei, was measured to demonstrate the retained activity breadth when 

bound to a surface.  CPA-K
*
 immobilized at 430 ± 20 µM using 4-arm, 10k g mol

-1
 PEGSH as 

the linker killed 99.9 ± 0.1% of the E. coli O157:H7 population, nearly a 3-log reduction, and 

>99.9% of the Shigella population following a 3 hr incubation.  These values approached the 

activities observed in positive control solutions which eliminated 100% of both bacteria under 
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identical test conditions, whereas the bacteria populations increased in the presence of coated, 

unfunctionalized negative control gels.  This high degree of antibacterial activity retained by 

CPA upon C-terminus hydrogel immobilization indicates that the platform could be employed as 

a broad-spectrum decontaminant against Gram-negative species. 

5.  Conclusions 

Interfacial photo-polymerization provides a facile route to immobilize AMPs in active 

conformations to the surface of pre-fabricated hydrogels.  Selection of monomers in the pre-

polymer solution enables surface concentration and presentation to be tailored to a given peptide 

such that antimicrobial activity can be optimized for specific pathogens.  Here, PEG monomers 

were used in the monomer solution to ensure linker flexibility such that immobilized CPA 

molecules could adopt the active, hinged α-helical conformation when bound by a C-terminal or 

mid-hinge K
*
 residue, as confirmed by CD spectroscopy.  Solution MIC proved valuable for 

predicting the antimicrobial behavior of CPA immobilized at varying locations in the peptide 

sequence and against an assortment of Gram-negative bacterial species.  When K
*
 was inserted 

between the A22–G23 residues, the MIC was 25 µg mL
-1

; however, when K
*
 was positioned at the 

C-terminus, over a tenfold lower MIC of 1.56 µg mL
-1

 was observed.  Although addition of Gly 

spacers negatively impacted the MIC of CPA against E. coli K235 in both orientations, the effect 

was more pronounced for the mid-sequence modified peptide, which had an MIC outside of the 

maximum concentration limit.  The MICs of E. coli O157: H7 and Shigella sonnei for the CPA 

sequence with K
*
 positioned at the C-terminus without Gly spacers were the lowest observed in 

this study.  These trends in MIC were reflected in the antimicrobial activity of CPA upon surface 

immobilization, where modified CPA sequences with the higher MIC values displayed lower 

degrees of bacterial cell death both in solution and bound to hydrogel surfaces than modified 
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sequences with low MIC values.  The relationship between linker type and bactericidal activity 

towards E. coli K235 was found to be more influential for the mid-sequence modified CPA, 

where the degree of E. coli cell death was directly related to linker length and degree of thiol 

functionalization.  Nevertheless, bactericidal results from both immobilization locales indicate 

that Gly spacers do not substantially improve CPA activity when affixed by high Mn PEG linkers 

and that surface concentration is the critical parameter for retaining antibacterial activity. 
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