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ABSTRACT. We demonstrate entrapment of the commensal skin bacteria Staphylococcus
epidermidis in mats composed of soft nanotubes made by membrane-templated layer-by-layer
(LbL) assembly. When cultured in broth, the resulting nanofibrillar patches efficiently delay the
escape of bacteria and their planktonic growth, while displaying high steady-state metabolic
activity. Additionally, the material properties and metabolic activity can be further tuned by post-
processing the patches with additional polysaccharide LbL layers. These patches offer a
promising methodology for the fabrication of bacterial skin dressings for the treatment of skin

dysbiosis while preventing adverse effects due to bacterial proliferation.



Introduction

The perturbation of the skin microbiota (or skin dysbiosis) is generally considered to be
connected to a series of common skin pathologies.'”> Commensal skin bacteria occupy an
important ecological niche in human beings,' and provide a range of beneficial effects to their
hosts. This is especially true for Staphylococcus epidermidis, an ubiquitous gram-positive
bacterium of the human skin that is known to limit acne vulgaris, secrete antimicrobial
substances such as phenol-soluble modulins,” stimulate the production of antibacterial peptides,’
prevent nasal colonization by Staphylococcus aureus by secreting serine proteases,’ counteract
the influenza virus with extracellular matrix-binding proteins,” and modulate host immune
response via, e.g., staphylococcal lipoteichoic acids.'® As a result, there is increasing interest in
the use of S. epidermidis and other living skin bacteria as active components in skin-care
products.” Problematically, S. epidermidis exists on the edge between pathogenicity and

' and has also been identified as a rapidly-evolving nosocomial pathogen."

commensalism *
Therefore, realizing the full clinical potential of S. epidermidis and other skin bacteria will
require the development of methods that can maintain their beneficial effects while limiting the
likelihood of adverse outcomes.

One such method would be to entrap living bacteria in a microporous soft material for direct
application on skin. Specific hydrogels have been developed for the entrapment of living bacteria
and the fabrication of 3D-printed skin tattoos.'”'* Additionally, non-woven bacteria-containing
gauzes have been produced for bioremediation and bioelectrochemistry, typically by

microfluidics” and wet- or electro-spinning.'* In such gauzes, the bacteria are usually directly

entrapped in core-shell fibers, with a rigid hydrophobic porous shell surrounding a soft hydrogel



core containing the bacteria. In contrast, more fragile eukaryotic cells are generally seeded in
mats of electrospun fibers after their fabrication, to preserve cell viability >

Here, we explore an alternative route, based on the co-assembly of soft nanotubes and bacteria
into hybrid patches. The selected nanotube production methodology is LbL assembly in the
nanopores of a track-etched membrane, followed by membrane dissolution and nanotube
recovery in aqueous suspension.’*”’ Nanofibrillar mats can be obtained by the simple
sedimentation of LbL nanotubes on a filter.”® Templated LbL assembly is especially interesting
in the aim to incorporate a wide range of sensitive components in nanotubes, including enzymes
and other biomacromolecules which do not always survive the harsher conditions of alternative
techniques (e.g., electrospinning). However, in the present article, we will limit ourselves to a
proof-of-concept demonstration only involving nanotubes made from synthetic polyelectrolytes.

In this work, the bacterial patches are thus obtained by the forced sedimentation of mixed
aqueous suspensions of LbL nanotubes and bacteria (Scheme 1). This procedure results in a
highly porous structure that maintains bacterial metabolic activity while delaying bacteria escape
and growth, thereby minimizing risks of bacteria proliferation and bacterial infection. We also
demonstrate the ability to further tune material and metabolic characteristics of the patch through
deposition of additional layers of polysaccharide polyelectrolytes. The resulting structures are

well-suited for direct application or incorporation into gauzes and other skin dressings.

Materials and methods
Materials. Poly(styrene sulfonate) (PSS, average molar mass by weight 70 000 g/mol) and
poly(allylamine hydrochloride) (PAH, average molar mass 450 000 g/mol) were purchased from

Aldrich. They were dissolved (1 mg/mL) in 0.5 M NaCl/0.005 M CaCl,/pH 7. Chitosan (CHI,



Protosan UP CL114 50 000-150 000 g/mol) was obtained from Novamatrix, and alginate (ALG,
Ref-W201502, viscosity 5-40 cps at 1%, 25°C) was from Aldrich. They were dissolved
(1 mg/mL) in 0.15 M NaCl/pH 6. NaCl (BioXtra, >99.5%), CaCl, (>93%) and dextran (from
Leuconostoc spp., molar mass 40 000 g/mol) were from Aldrich. Track-etched membranes were
kindly provided by it4ip (Belgium). The alamarBlue® cell viability reagent and the Live/Dead”
BacLight™ Bacterial Viability Kit were obtained from Thermo-Fisher Scientific. All aqueous
solutions were prepared using deionized water with a resistivity of 18.2 MQ.cm at 25°C, and

were sterilized in an autoclave prior to use.

Bacteria culture. Freeze-dried S. epidermidis from ATCC (ref. number 12228) was revived
and cryo-preserved at -80°C as described previously.” When needed, the cryo-preserved bacteria
were revived overnight in 5 mL of broth (BD Difco™ Nutrient Broth 234000) in 14 mL vented
culture tubes (250 rpm, 37°C). The content of four such tubes was then poured into 700 mL
broth in a vented culture flask, and grown at 37°C/250 rpm until reaching an optical density of
~0.55 (540 nm, cells of 1 cm path length). The bacteria were washed in 0.15 M NaCl at pH 6,
concentrated by a factor of 20 by three successive steps of centrifugation/redispersion in NaCl
0.15 M at pH 6, and stored overnight in the fridge at 4°C. This concentrated bacteria suspension
will be henceforth called starting suspension; it contains ca. 2.4x10° bacteria/mL (measured as

detailed in the Supplementary Information).

Preparation of the LbL nanotubes. A 10x10 cm® untreated polycarbonate track-etched
membrane (10° pores/cm®, pore diameter 200 nm, thickness 25 ym) was used for nanotube
fabrication. The membrane was alternately dipped for 10 min into a PSS and a PAH solution,
with two intermediate rinsing steps of 30 s in 0.5 M NaCl/0.005 M CaCl,/pH 7. Nine cycles of

PSS/PAH adsorption were performed, starting by PSS. Each side of the membrane was decrusted



every third LbL cycle by scrubbing in pure water with a cotton pad; this rubbing step was
successively performed in two orthogonal directions. The membrane was finally rinsed in pure

water and dried on absorbing paper (Kim wipes).

The pore-filled membrane was then placed in 40 mL of dichloromethane (CH,Cl,) and
gently shaken until fully dissolved. 4.2 g of dextran powder was then added to prevent the
agglomeration of the released nanotubes upon filtration. The nanotube/dextran suspension was
filtered onto a track-etched polyimide membrane (200 nm pore size) covered by ca. 300 mg of
dextran powder to avoid adhesion of the nanotubes on the membrane. The collected
nanotube/dextran powder was rinsed six times with 10 mL CH,Cl, to eliminate traces of
dissolved polycarbonate, then dried under vacuum in a sterile tube to remove any trace of

solvent. Due to their passage in methylene chloride, the nanotubes are effectively sterile.

Preparation of the bacterial patches. The nanotube/dextran powder was added in sterile
conditions with an aqueous solution (NaCl 0.15 M, pH 6, gsp 40 mL) to dissolve dextran and
disperse the nanotubes. After gentle shaking (20 min), the suspension was transferred to four
sterile tubes (10 mL suspension in each), and 10 mL of NaCl 0.15 M at pH 6 was added to the
tubes. Considering the area (25 cm?) and pore density (10® pores/cm?®) of the membrane used in
the fabrication process, each tube thus contains ca. 2.5x10° nanotubes in 20 mL aqueous
solution. In one of these tubes, 0.293 mL of the starting bacteria suspension was added,

corresponding to ca. 7x10° bacteria.

The bacterial patches were prepared by successive filtration in sterile conditions of the
nanotube suspensions over a track-etched polycarbonate membrane (4x10’ pores/cm’, 0.8 ym

pore diameter, hydrophilic, 1.4 cm effective filtration diameter). The first layer was obtained by



filtration of 20 mL of nanotube suspension; the second layer was made from 20 mL of the
bacteria-containing nanotube suspension; the third and final layer was made from 20 mL of the
nanotube suspension. Each layer was rinsed with 5-10 mL of NaCl 0.15 M at pH 6 to eliminate
traces of dextran; complete drying of the patches was avoided during the process. The bacterial

patches were then stored upside down in NaCl 0.15 M, pH 6, at 4°C.

Post-coating of the bacterial patches. Chitosan/alginate multilayers were deposited on some
bacterial patches by alternatively and cyclically dipping the patches for 5 min in chitosan then
alginate solutions, with three intermediate rinses of 15s in 0.15 M NaCl at pH 6, in sterile

conditions in a biosafety cabinet.

Culture of the bacterial patches. Pieces of the patches (typically one fourth of a patch,
corresponding to ca. 1.8x10® bacteria) were cultured in 8 mL broth (BD Difco™ Nutrient Broth
234000) in vented 14 mL culture tubes at 37°C, under constant orbital agitation (225 rpm). At
specific time points, 0.25 mL of the supernatant was placed in a well of a 96 well plate and the
optical density was measured at 540 nm with a Tecan plate reader. In order to cover a complete
range of times, two such cultures were performed with a delay of 12 h, with partial overlap
between the sampling times; the data of the two cultures were combined together to obtain the
growth curve. The data were interpolated with a smoothing-spline routine, and the highest slope
in the exponential growth phase was obtained by differentiation. The intercept of the line of
highest slope with the zero-culture time base line was defined as the onset of growth. For these
experiments, the negative control was pure broth; the positive control consisted of 0.073 mL of
the starting bacterial suspension (ca. 1.8x10® bacteria) dispersed in 8 mL of broth; the starting

amount of free bacteria was thus close to the one contained in the patches.



In parallel, smaller pieces of measured area (from 6 to 8.5 mm®) of the same patch were
placed in wells of a 96 well plate, containing 0.25 mL of broth and 25 uLL of alamarBlue® cell
viability reagent. The patches were placed vertically in the wells to avoid interfering with
spectroscopic measurements, and the incubation was performed at 37°C. At specific time points,
the fluorescence at 585 nm was measured under excitation at 570 nm (bandwidth of 5 nm) to
evaluate the metabolic activity of the patches. Negative controls consisted of the pure broth, and
of a patch without bacteria. The positive control was 0.00766 mL of the starting bacterial
suspension in broth (ca. 1.8x10” bacteria). The data was normalized by the area of the patches
(or, for the positive control, by its equivalent area). The rate of metabolic activity was estimated

as the slope of the fluorescence versus time, over the first 6h of culture.

Microscopy. Droplets of nanotube suspensions were observed with an optical Zeiss Axiovert
200 M microscope at 40x magnification. For confocal microscopy, the bacterial patches were
stained for 20 min in the dark with a Live/Dead® BacLight™ mixture kit (SYTO® 9
(3.34 mM)/propidium iodide (20 mM) 50:50 v:v), and imaged with an Olympus FV1200 Laser
Scanning Confocal Microscope (green channel, FITC). For scanning electron microscopy
(SEM), the bacterial patches were first fixated by glutaraldehyde (2% in PBS) then dehydrated
by successive immersion in alcohol/water mixtures (of increasing concentration in alcohol) and
covered by 1.5-2 nm of gold (Cressington Sputter Coater 208HR) to reduce surface charge
effects. The imaging was performed with a field emission scanning electron microscope (JSM-

7600F, JEOL Ltd.), operated at 5 kV.



Results and discussion

Preparation and characterization of LbL nanotubes (Scheme 1). Soft LbL nanotubes were
prepared by the cyclic adsorption of poly(styrene sulfonate) (PSS) and poly(allylamine
hydrochloride) (PAH) within the pores of a polycarbonate track-etched membrane with pores of
200 nm diameter and 25 ym length, as described in previous publications.”****** In order to
have a large increment of thickness per PSS/PAH bilayer, conditions of relatively high ionic
strength were used during LbL deposition (0.5 M NaCl, 0.005 M CaCl,, pH 7). Such conditions
generate fully-filled nanopores after only a few cycles of adsorption,” leading to nanowires
when the tube wall is swollen in water, and to nanotubes of ca. 60 nm tube wall thickness in the
dry state (inset of Figure 1a). Here, nine cycles of adsorption were used to ensure full pore filling

in water.
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Scheme 1. Fabrication process of nanofibrillar bacterial patches based on LbL nanotubes. The
picture at the bottom right shows a bacterial patch with an active region (white circle) of 1.4 cm

diameter.

A suspension of (PSS/PAH), nanotubes in organic solvent was then obtained by dissolving the

membrane in CH,Cl,. Optical microscopy images indicated that straight nanotubes of expected



length are obtained at this stage (Figure 1a). The nanotubes were then transferred to 0.15 M NaCl

aqueous solution at pH 6 according to a previously published protocol,*?%*

involving filtration
in the presence of a CH,Cl,-insoluble but water-soluble powder (dextran). This process
eliminates tube aggregation during collection. The nanotube shape was essentially preserved

after the transfer process. However, due to the swelling of the polyelectrolyte nanotubes in water,

a more tortuous morphology is seen (Figure 1b).
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Figure 1. (a) Optical microscopy of the starting (PSS/PAH), nanotubes (a) as collected after
dissolution of the polycarbonate membrane in CH,Cl,. The inset is a SEM image of a single
nanotube. (b) Optical microscopy of the (PSS/PAH), nanotubes after their transfer to an aqueous
solution. The diameters of the nanotubes in panels a and b are diffraction-limited. (¢c) SEM cross-
section image of a bacterial patch over its supporting membrane. The bacteria are not visible due
to the lack of electronic contrast. (d) Projected view of the green channel of confocal microscopy

images of a bacterial patch, after Live/Dead® BacLight™ staining.



Preparation and microstructure of the bacterial patches. Mats of nanotubes were then
prepared by forced sedimentation (filtration) of aqueous suspensions of nanotubes onto a porous
polycarbonate membrane of 0.8 ym pore diameter which prevents the passage of both nanotubes
and bacteria during the filtration process (Scheme 1). Three layers were successively sedimented,
each of them containing ca. 2.5x10° tubes (based on the area of the templating membrane used to
prepare the aqueous suspensions). To obtain bacteria-loaded patches, the second suspension used
to fabricate the inner layer of the patch was added with ca. 0.7x10° S. epidermidis bacteria prior
to sedimentation, of which ca. 80% are alive (as was measured before by Live/Dead® BacLight™
staining experiments)’”. An image of a final membrane-supported bacterial patch is shown in
Scheme 1: the total active diameter of the patch is typically 1.4 cm, and its bacterial content is
ca. 4.6x10° bacteria/cm”.

A small sample was cut in the bacterial patch; after drying and fixation by glutaraldehyde, it
was imaged by scanning electron microscopy (SEM) (Figure 1¢). Due to the limited electronic
contrast between bacteria and nanotubes, it was not possible to directly observe the bacteria.
However, the nanofibrillar and open texture of the patch is clearly observed, with a total patch
thickness of ca. 55 pym. The SEM image also shows that the patch is composed of many small
pores of diameter ranging between 0.5 and 1 ym, connected by a few bigger pores which can be
as large as 10 ym. A complete analysis of the texture of bacteria-free mats of LbL nanotubes is
available elsewhere.”™ Another section of the patch was then stained with the Live/Dead®
BacLight™ mixture kit and imaged by confocal microscopy (Figure 1d and Supplementary
Information movie S1), revealing a dense loading of bacteria. Because of strong light scattering,

only the first top 10 yum of the sample could be imaged. Nevertheless, confocal microscopy

10



clearly showed that the bacteria were not restricted to the central layer of the patch, indicating
that the successive filtration steps resulted in some blurring of the layers.

Bacterial activity. The bacterial activity was assessed in two ways. First, a piece of patch was
cultured in broth in a shaken test tube, and the optical density of the supernatant broth was
measured at regular time points. This experiment provides a direct measure of the escape of the
bacteria from the patch and subsequent growth. In parallel, another sample of measured area
(hence known number of bacteria) was cultured in broth in a 96-well plate, in the continuous
presence of the alamarBlue® redox dye. The reduction by viable bacteria of the non-fluorescent
resazurin blue dye into the red fluorescent resorufin dye provides a measure of the metabolic
activity of the bacteria. Negative controls consisted of the pure broth and of a patch devoid of
bacteria. The positive control was ca. 1.8x10’ free bacteria in the broth, close to the number of
entrapped bacteria (2.8-3.9x107); to decrease variability, the free bacteria originated from the

same culture as used to fabricate the patches.
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Figure 2. Optical density (a) and normalized metabolic activity (b) of the supernatant broth
versus culture time at 37°C, in the presence of bacterial patches (open circles) or free bacteria
(filled symbols). The numbers in the open symbols indicate the number of (chitosan/alginate)
bilayers added onto the patch after fabrication. For the metabolic activity, the broth was added
with 10 vol% alamarBlue®, and the fluorescence at 585 nm was measured; the data are
normalized to the same starting number of bacteria by dividing by the patch area, or by an

equivalent area for free bacteria.

Figure 2a shows the growth of escaped bacteria in the broth. Whereas the free bacteria grew
directly with a half-time of ca. 4.5h, the growth of the bacteria trapped in the patch was delayed
by ca. an additional 5.5h, with no growth visible for the first 6h. The metabolic activity is plotted
versus culture time for the bacterial patch and the controls in Figure 3. The metabolic activity
obtained from the fluorescence data was also normalized by the patch area or, for the positive

control, by the equivalent area of a virtual patch containing 4.6x10° bacteria/cm® (Figure 2b).
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Figure 3. Fluorescence at 585 nm versus incubation time of bacterial patches cultured in broth
with 10 vol% added alamarBlue® activity indicator. Some of the patches were coated by
chitosan/alginate (CHI/ALG) multilayers as indicated in the caption. The area of the patches is
8.5, 6.2, 8.1 and 8.1 mm* for the uncoated patch and patches coated by one, two and four
CHI/ALG bilayers, respectively, containing ca. 3.9x107, 2.8x107, 3.7x10" and 3.7x10’ bacteria,
respectively. The positive control consists of ca. 1.8x10’ free bacteria in broth; the negative

controls are the broth (with 10 vol% alamarBlue®) or an uncoated patch without bacteria.

The negative controls showed no significant variation of fluorescence intensity over an
incubation period of 6h, in contrast to the bacterial patch and the positive control. In contrast, the
metabolic activity of the positive control increased strongly over the three first hours of culture
then saturated, indicative of the exponential growth phase of the bacteria followed by the plateau
regime. This is in agreement with the growth curves measured by optical density (Figure 2a).
The bacterial patch also exhibited a significant linearly-increasing activity as soon as culture was
started, indicating continuous metabolic activity of the bacteria trapped in the patch. Since no
growth was detected in the supernatant broth over the six first hours, it can be concluded that the
bacteria remain metabolically-active in the patches while initially not significantly growing in
the broth.

Regulation of bacterial activity in the patches. To tune the bacterial activity of the patches,
one can vary the amount of entrapped bacteria. However, it is also possible to add
polyelectrolyte multilayers of increasing thickness to the patches, which should have the
supplementary virtue to mechanically reinforce them. Based on our previous study of the coating

of S. epidermidis by polyelectrolyte multilayers,” we selected chitosan (CHI) and alginate
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(ALG) as polycation and polyanion, respectively. The coating of the membrane-supported
bacterial patches was conveniently accomplished by their successive immersions in aqueous
polyelectrolyte and rinsing solutions. The deposition process always started with a chitosan layer
since both the bacteria and the nanotubes should have a negatively-charged outer surface, and
always ended with an alginate layer. When coated by such alginate-ended (CHI/ALG), shells, S.
epidermidis was demonstrated to remain viable while exhibiting delayed growth due to the
bacteriostatic effect of the polyelectrolyte multilayer.”

The growth of bacteria escaping from the patches is plotted in Figure 2a (symbols indicate the
number of added (CHI/ALG) bilayers), while their surface-normalized and raw metabolic
activity are shown in Figure 2b and 3, respectively. The onset of exponential growth (see
Experimental section for a definition) is plotted in Figure 4a. The LbL coatings did not delay the
growth of escaping bacteria as compared to the uncoated patches. We tentatively attribute this to
the fact that some bacteria escaped from the sides of the cut patches which were not coated by
the polyelectrolyte layers (indeed cutting was performed after the deposition of the
polyelectrolyte layers). Additionally, since each bilayer only contributes ca. 2.2 nm to the
coating thickness,” and the Young's modulus of water-equilibrated (ALG/CHI) coatings is
reported to range from 4 to 20 MPa only,” the mechanical contribution of the LbL coating can
only be marginal. Despite this, the metabolic activity over the first 6h of culture, a period of time
during which the bacteria did not grow outside the patches, was significantly decreased by the
addition of the (CHI/ALG) coatings (Figure 2b and 3). The rate of reduction of alamarBlue® per
unit area of patch, averaged over the first 6h of culture, is presented in Figure 4b versus the

number of added (CHI/ALG) bilayers. The activity decrease by a factor of ca. 3 observed upon

14



addition of four bilayers is attributed to the bacteriostatic effect of (CHI/ALG) coatings on

bacteria, as we reported before.”
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Figure 4. Onset of growth of bacteria having escaped from the bacterial patches into the
supernatant broth (a) and average rate of reduction of the alamarBlue® dye by the bacteria
trapped in the patches (b), versus the number of (CHI/ALG) bilayers added to the bacterial

patches after fabrication.

The amount of escaped bacteria can be roughly estimated from the relationship between the
concentration of free bacteria in the broth and the onset of bacterial growth, which we
established in our previous work.” A delay of the growth by 6 h corresponds to ca. 2.4x10°
bacteria/mL initial bacterial concentration in the broth,” hence ca. 1.9x10° bacteria in the 8 mL
used here to test the growth of escaped bacteria. Compared to the ca. 1.8x10° bacteria in the

tested pieces of patch, this corresponds to 1% of escaped bacteria. It should be emphasized that
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the conditions we used to test bacterial escape in a strongly shaken broth are much more severe
than the conditions typically met in topical applications. Therefore, much lower amounts of
escaped bacteria are to be expected in more realistic cases.

It is also interesting to compare the rates of metabolic activity of free and entrapped bacteria,
after normalization to the same amount of starting bacteria: the initial rate of reduction of
alamarBlue® by free bacteria was larger by a factor of sixteen compared to the average rate
measured for bacteria entrapped in a non-coated patch. This large difference arises from the free
bacteria directly entering their exponential growth phase, in which bacteria multiply rapidly and
have a strong metabolic activity. However, as Figure 2b shows, the free bacteria already entered
their plateau phase after only three hours of culture. This is followed by a strong decrease in
activity due to medium exhaustion and progressive cell death. In contrast, the entrapped bacteria
had a more stationary behavior: A continuous and steady metabolic activity over six hours was
observed. This demonstrates the benefit of having the bacteria trapped in such nanofibrillar
patches, as it not only delays their escape and free growth, but also exhibits steady-state
metabolic activity. This result has the potential to translate into a steady release of secreted

molecules that are beneficial to the skin.

Conclusions

In summary, we have shown that the commensal bacteria S. epidermidis can be easily
entrapped in patches of nanotubes made by membrane-templated layer-by-layer assembly. The
resulting nanofibrillar patches effectively delay planktonic growth while keeping the bacteria
metabolically-active. Interestingly, the trapped bacteria exhibit a steady metabolic activity over
significantly longer culture times as compared to free bacteria. Additionally, this metabolic

activity can be further tuned by post-coating the patches with supplementary LbL layers. These
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patches are thus promising for the fabrication of bacterial skin dressings for the treatment of skin
dysbiosis while preventing bacterial proliferation.

There are however a couple of improvements that need to be considered before turning to real-
life applications, among which the improvement of the mechanical resistance of the patches in
order to increase the entrapment time of the bacteria and fully prevent planktonic growth. In this
respect, a precise evaluation of the number of escaped bacteria in topical skin application is yet
to be performed. In addition, methods to prevent the blurring of the three-layered structure of the
patch are to be devised; ways to do so are currently being explored. Once done, the simple
methodology presented here would allow us to fabricate multi-bacterial patches wherein each
bacterial type would be confined in its own layer. Meanwhile, artificial mixed bacterial
communities can already be created by our methodology. Furthermore, the inclusion of bioactive

32354142 Would

compounds such as enzymes in the LbL nanotubes, as can be routinely done,
provide access to artificial multifunctional bacterial patches of increased complexity.
Considering the many possible variations of nanotube composition and size afforded by LbL, the

nanofibrillar patches presented here are thus a significant step forward towards efficient bacterial

skin dressings.
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Supporting Information. The Supporting Information (Figure S1: bacteria counting
experiments; Movie S1: 3D reconstruction of the green channel of a z-stack of confocal
microscopy images of a non-coated bacterial patch) is available free of charge on the ACS

Publications website at DOI:xxx.
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