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UV-protective coatings on live bacterial cells were created from the assembly of cationic and UV-absorbing anionic 
polyelectrolytes using layer-by-layer (LbL) methodology. A cationic polymer (poly-allylamine) and three different anionic 
polymers with varying absorbance in the UV range (poly-vinyl sulfate, poly-4-styrenesulfonic acid, and humic acid) were used to 
encapsulate E. coli cells expressing green fluorescent protein (GFP) either constituitively or through a theophylline-inducible 
riboswitch. Riboswitches are regulatory elements that activate gene expression after a ligand-RNA binding event; hence, they 
operate as a cellular biosensor that will express a reporter protein after exposure to a ligand target. E. coli cells coated with 
polymers absorbing in the far UV range demonstrated enhanced protection to GFP stability, metabolic activity, and viability after 
prolonged exposure to radiation from a germicidal lamp.  The results show the effectiveness of LbL coatings to provide enhanced 
protection to living cells for use in biosensor technology.
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ABSTRACT: UV-protective coatings on live bacterial cells were
created from the assembly of cationic and UV-absorbing anionic
polyelectrolytes using layer-by-layer (LbL) methodology. A
cationic polymer (polyallylamine) and three different anionic
polymers with varying absorbance in the UV range (poly(vinyl
sulfate), poly(4-styrenesulfonic acid), and humic acid) were used
to encapsulate Escherichia coli cells with two different green
fluorescent protein (GFP) expression systems: constitutive
expression of a UV-excitable GFP (GFPuv) and regulated
expression of the intensely fluorescent GFP from amphioxus
(GFPa1) through a theophylline-inducible riboswitch. Ribos-
witches activate protein expression after specific ligand−RNA
binding events. Hence, they operate as a cellular biosensor that will activate reporter protein synthesis after exposure to a ligand
target. E. coli cells coated with UV-absorbing polymers demonstrated enhanced protection of GFP stability, metabolic activity,
and viability after prolonged exposure to radiation from a germicidal lamp. The results show the effectiveness of LbL coatings to
provide UV protection to living cells for biotechnological applications.

■ INTRODUCTION
UV radiation from prolonged exposure to sunlight is a bane to
all organisms. Yet, all organisms, either directly or indirectly,
rely on sunlight for vitality and nourishment. In the microbiota,
most aerobic microorganisms require chemical protection or
behavior modifications to protect against UV radiation.1 For
example, algae and cyanobacteria synthesize carotenoid pig-
ments and mycosporine-like amino acids that absorb in the UV
range and can quench UV-induced intracellular free radicals.2,3

Common in both microorganisms and higher organisms,
melanin production provides a natural sunscreen, due to
absorption of UV radiation by the polyaromatic structure.4 In
addition to chemical protection, microbes utilize specific
behaviors to attenuate exposure to sunlight. Motile micro-
organisms can move away from areas of high light intensity and
can aggregate into biofilms and synthesize exopolymers that
block UV light.5 Without these mechanisms, UV radiation
produces reactive oxygen species and induces excessive DNA
strand breakage and denaturation, which leads to cell damage
and dramatic increases in genetic mutations.1

Natural adaptations for UV protection are not sufficient for
microorganisms used in biotechnological applications that
operate in direct sunlight or in environments where harmful
UV light is usually absorbed by the atmosphere (e.g.,
nonaqueous and astrobiological applications). Developing

biomimetic approaches to enhance UV radiation protection
for microorganisms has several advantages, particularly for use
with whole-cell biosensors.5 Microbial biosensors are a
promising technology due to their excellent specificity,
sensitivity, portability, and regenerative capabilities.6 However,
as living entities, recombinant microorganisms are more
complex and fragile than conventional sensor devices and can
be more sensitive to harsh environmental conditions. In
particular, recombinant or natural microorganisms that harbor
useful biotechnology applications may not be adapted to the
operational environment. Prolonged exposure to ambient
sunlight intensity can be lethal to microorganisms lacking
natural properties or physical mechanisms to protect against
UV radiation.7,8 Consequently, methods to successfully apply
protective mechanisms to engineered microbes for biotechnol-
ogy are warranted and, at the same time, must not affect the
utility of the microorganism.
Polyelectrolytic layering (i.e., layer-by-layer or LbL) of

biocompatible polymers provides a convenient method to
enhance cells with new protective and functional properties.9,10

LbL coatings are interconnected through noncovalent,
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Coulombic interactions, which permit the coatings to be
flexible and mimic the fluidic movements of cellular plasma
membranes and also allow the diffusion of molecules essential
to cellular function. In most cases, LbL layering can be
completed in physiological solutions and at conditions that
preserve the viability of cells. The procedure has been
successfully completed on mammalian cells, microorganisms,
and spores.11−18 Coatings can provide protective properties,
alter the charge of the cellular surface, decorate the cell with
artificial recognition elements, or hide existing antigens.19−21

Hence, polyelectrolytes that absorb UV radiation can be
employed as a “sunscreen” coating on the surface of bacterial
cells for enhanced protection against UV-related damage.
Herein, a method to coat bacterial cell-based biosensors with

UV-absorbing polymers was devised that uses polyelectrolytic
LbL techniques. The cellular biosensor is an Escherichia coli
engineered with the riboswitch-dependent expression of the
intensely fluorescent GFPa1 from amphioxus and activated by
theophylline.22−25 Riboswitches (RNA switches) are post-
transcriptional regulatory elements that control protein
expression after a ligand−RNA binding event.26 Riboswitches
sense their target ligand through binding to an inclusive
aptamer domain, and the resulting complex adopts a conforma-
tional change to ultimately unlock protein expression. Hence,
they operate as a cellular biosensor that will synthesize a
reporter protein after exposure to a target molecule. An artificial
riboswitch was devised utilizing a theophylline-binding aptamer
to efficiently control translation dependent on a small molecule
ligand in vivo.23,24 This sensing platform has been adopted in a
variety of biotechnological applications.22,27−35

A first set of experiments was devised to assess the protective
properties of different UV-absorbing cellular coatings on
protein stability, metabolic activity, and viability. E. coli cells
constitutively expressing the gene for a UV-excitable GFP
(GFPuv) were coated with oppositely charged polymers with
various UV absorbance characteristics. Coated and uncoated
cells were then exposed to UV light and monitored for GFPuv
stability, metabolic activity, and viability. In a second set of
experiments, E. coli cells with a riboswitch post-transcriptional
activator for GFPa1 gene expression were immobilized as a
monolayer onto the surface of microplate wells and coated in
polyelectrolyte layers. Riboswitch cells were exposed to UV
light and monitored for their ability to respond to the
transcriptional regulator theophylline and increase expression
of GFPa1.

■ EXPERIMENTAL SECTION
Bacterial Strains, DNA Manipulations, and Culture Con-

ditions. E. coli cells used in this study were R34 containing pGFPuv
(Clontech Inc., Mountain View, CA) and BL21 containing
pSAL:RS12.1GFPa1His. In the latter genetic construct, DNA
encoding the theophylline synthetic riboswitch RS12.124 was placed
upstream of the GFPa1 gene within pSAL vector, as similarly
constructed for the tobacco etch virus (TEV) protease expression
described in Harbaugh et al.22 Electroporation of cells for trans-
formation of plasmids and other DNA manipulations were completed
as described in Sambrook et al.36 Cells were typically grown at 37 °C
with shaking at 225 rpm in Luria−Bertani broth (LB) containing 100
mg L−1 ampicillin.30 For UV exposure and control activity assays, a
defined medium was used containing M9 mineral salts supplemented
with 0.1% casamino acids and 0.008% glycerol.34 The reduced glycerol
and casamino acid concentrations in the assay media will support
protein synthesis but limit cell replication. For assays containing
theophylline, a theophylline stock solution (100 mM) in DMSO was
diluted into assay media to a final concentration of 2.5 mM. UV

exposure assays using R34(pGFPuv) were completed in 6-well
microtiter plates (Corning Inc., Corning, NY). UV exposure assays
using BL21(pSAL:RS12.1GFPa1His) were completed in 12-well
poly(D-lysine)-coated microtiter plates (Biocoat, Becton Dickerson,
Bedford, MA).

Chemicals. Poly(vinyl sulfate) (PVS, typical Mw = 170 000),
sodium poly(styrenesulfonate) (PSS, typical Mw = 70 000), poly-
(allylamine hydrochloride) (PAH, typical Mw = 15 000), and humic
acid (HA) were all obtained from Sigma−Aldrich (St. Louis, MO).
Final concentrations of all polyelectrolyte solutions were 2 mg mL−1 in
0.85% saline except for HA, which was used at a saturating
concentration (∼0.5 mg mL−1). The pH of the PVS solution was
raised to 6 using NaOH. Amine-functionalized latex beads (100 nm
mean particle diameter, Sigma-Aldrich) were diluted in 0.85% saline
(0.25%, solids) before use. All other reagents were from Sigma−
Aldrich unless noted otherwise.

LBL Assembly on R34(pGFPuv) Cell Surfaces. Cells from a 50
mL overnight culture were harvested by centrifugation for 5 min at
4500g at 4 °C (5810R centrifuge, Eppendorf, Hamburg, Germany)
and the supernatant was discarded. Cells were washed three times by
resuspending the pellet in 10 mL 0.85% saline solution and repeating
the centrifugation step (wash step). The first polyelectrolyte layer was
added by resuspending the cell pellet in 10 mL of PAH. The pellet was
incubated in PAH for 1 min and then centrifuged as stated above. The
supernatant was discarded, and the cells were washed twice before the
next polyelectrolyte layer was added. The second layer was formed by
suspending the pellet in 10 mL of an anionic polyelectrolyte for 1 min.
The entire procedure was repeated until cells had two layers of PAH
and two layers of the anionic polyelectrolyte. Uncoated cells were
prepared in the same manner except 0.85% saline replaced all
polyelectrolyte solutions. All samples and layering solutions were kept
on ice throughout the LbL assembly, and cells were stored at −20 °C
until used in assays. Before completing assays, cell pellets were thawed
and washed once as described above to remove any debris from lysed
cells. To validate the efficiency of the layering procedure, amine-
functionalized latex beads were added as a final coat using the same
procedure described above and prepared for scanning electron
microscopy (SEM) using methods described in the following section.

Polyelectrolyte Layering Characterization. UV−vis spectra of
polyelectrolytes were collected using a Cary 3E spectrophotometer
(Varian Inc., Palo Alto, CA). The surface potential of coated cells in
solution was determined using a Zetasizer Nano CZ90 (Malvern
Instruments Ltd., Worchestershire, U.K.). Surface charge was
measured by electrophoretic mobility coupled with laser Doppler
velocimetry and calculated as the ζ potential. Analysis was completed
at 25 °C, and each reported measurement was an average of at least six
independent samples and between 12 and 20 measurements of each
sample. Atomic force microscopy (AFM) images were obtained using
a Nanoscope V, equipped with a Multimode V scanning probe
microscope and a PicoForce stage (Bruker AXS Inc., Madison, WI).
After the coating procedure, cells were resuspended in ultrapure water
and a drop of the suspension was placed on a silicon wafer surface and
air-dried for 5 min. Images were acquired in tapping mode using a type
RTESP probe (Bruker AXS). The edge height of cells was measured
from amplitude images as the distance from the sample substrate
surface to the first plateau found on the cell surface. At least nine
measurements from at least three separate cells were used in
calculation of the edge height average and standard deviation. For
SEM, cells were resuspended in ultrapure water and a drop of the
suspension was placed on an aluminum coupon surface. Samples were
air-dried for 5 min and incubated for at least 2 h in glutaraldehyde
(2.5% in 0.1 M cacodylate buffer). After glutaraldehyde treatment, cells
were dehydrated by incubating in increasing concentrations of ethanol
(50%, 70%, 80%, 90%, and 100%) for 10 min each. After dehydration,
the E. coli cells were dried in an Autosamdri-815 critical point dryer
according to the manufacturer’s instructions (Tousimis Research
Corporation, Rockville, MD). A Desk V sputter coater (Denton
Vacuum, Inc., Moorestown, NJ) was utilized for 30 s to coat the cells
in gold. Images were captured with a Hitachi S 2600N SEM (Hitachi
High Technologies America, Inc., Pleasanton, CA).
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LbL Assembly on BL21(pSAL:RS12.1GFPa1His) Cells Ad-
sorbed to Microplate Well Surfaces. Overnight cultures were
diluted 1:100 in LB and incubated in 12-well microplates coated with
poly(D-lysine) (2 mL in each well) for 4 h at 37 °C without shaking.
The growth medium was removed from the wells, and each well was
washed with 0.85% saline three times to remove trace amounts of
media. Successive layers were coated onto attached cells in the well by
first adding 1 mL of the PAH solution described above and then
removing and adding the anionic polyelectrolyte solution with two 1
mL washes of 0.85% saline in between each layer. Cells were incubated
in each layer for 2 min. For uncoated cells, 0.85% saline replaced
polyelectrolyte solutions in the above method. Cells were then used
immediately in assays.
UV Exposure and Sensitivity Measurement Assays. For assays

using R34(pGFPuv), six-well microtiter plates containing 5 mL of
uncoated or coated cells in assay buffer were placed in a biological
safety cabinet (Forma Class II, A2, Thermo Scientific) with the
germicidal lamp turned on (Phillips 30W G30T8 UV bulb). The bulb
emits short-wave UV radiation centered at 254 nm (UVC). At set
intervals, plates were removed from the cabinet and fluorescence was
measured with emission and excitation wavelengths of 390 and 508
nm, respectively. In addition, 50 μL of each cell suspension was added
to 50 μL of BacTiter-Glo Reagent in a 96-well microtiter plate and
relative ATP concentration was measured by luminescence according
to the manufacturer’s instruction (Promega Corp., Madison, WI). UV/
visible spectrophotometry was completed using a Synergy 4 microplate
reader (Biotek Inc., Winooski, VT). Viability was determined by
sampling the assay cultures at set intervals and plating serial dilutions
on LB solid media with ampicillin (100 mg L−1). Colony forming units
(CFU) were enumerated after overnight incubation (37 °C).
For UV sensitivity assays using BL21(pSAL:RS12.1GFPa1His), 12-

well microplates containing adsorbed uncoated and coated cells and 1
mL of theophylline assay buffer were exposed to UV radiation as
described above. Fluorescence was measured with an excitation and
emission wavelength of 480 and 510 nm, respectively. Kinetic data
were calculated using Gen5 software (BioTek Inc.). Kinetic variables
were calculated as follows: Vmax, maximal change in relative
fluorescence units (RFU) over time; tVmax, time at Vmax; tlag, lag time
defined by the time interval between the line of maximum slope of the
propagation phase and the RFU baseline; RFUVmax/RFU0, fold RFU
increase at tVmax over RFU at start of assay.

■ RESULTS
UV Sensitivity of Coated and Uncoated Cells in

Solution. R34(pGFPuv) was coated in sequential layers of
cationic PAH and anionic PVS, PSS, or HA to assess the ability
of each anionic polymer to protect cells from UV radiation.
Figure 1 shows the general structure and absorbance of the
polyelectrolytes in the UV/visible range. R34(pGFPuv) was
coated with a total of four layers, two with PAH and two with
the anionic polymer, and successful layering was monitored by
measuring the zeta potential (Figure 2). Significant aggregation
of cells was observed after polyelectrolyte layering, which was
not present with cells exposed only to saline (Figure 3).
Uncoated cells appeared homogeneous in suspension and were
easily seen in SEM images as individual cells. Alternatively, in
coated cell preparations, aggregation was visible to the naked
eye and SEM of coated cells showed aggregates containing
hundreds to thousands of cells. A representative AFM image is
presented in Figure 4. AFM analysis reveals that the cells
remain intact after the coating procedure and appear to have a
complete coating of polyelectrolytic layers, despite the
aggregation shown in SEM images that suggested cells may
not have received an even coat of polyelectrolytes. AFM images
of uncoated cells show features within the cell, while the
features of coated cells are masked by the coatings. In addition,
coated cells appear to have a thicker cell envelope. During the

sample drying process for AFM imaging in air, cells flatten and
the cell envelope will extend beyond the cell body and laminate
to the sample substrate surface. The amplitude images shown
do not show actual height, so the corresponding height image
was used to measure the cell edges (see the Supporting
Information). The edge thicknesses of laminated cells were
measured from the corresponding AFM height images, and the
average edge height was 15.6 ± 4.5 nm and 40.1 ± 7.4 nm,
respectively, for uncoated and coated cells. To further
demonstrate that the LbL procedure generated a complete
coating on cell surfaces, positively charged, amine-function-
alized latex beads were used as a last layer in the coating

Figure 1. Top: Structure of poly(allylamine) (PAH), poly(vinyl
sulfate) (PVS), poly(4-styrenesulfonic acid) (PSS), and a typical
structure of humic acid (HA). Bottom: UV/visible spectra of PAH
(gray line), PVS (black line), PSS (dotted line), and HA (dashed line).

Figure 2. ζ potential of successive polyelectrolyte layering on
R34(pGFPuv) cells using PAH for layers 1 and 3 and PVS (solid),
PSS (dash), and HA (dotted) for layers 2 and 4.
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procedure (see the Supporting Information). SEM images show
a uniform coating of 100 nm mean diameter beads on coated
cells with an anionic polyelectrolyte as the outermost layer and
on the negatively charged surfaces of uncoated cells.
Sensitivity to UV radiation was determined three ways:

protein stability by GFPuv fluorescence intensity, the metabolic
state of cells by measuring the relative intracellular ATP

concentration, and cell viability by CFU enumeration (Figure
5). GFPuv fluorescence steadily declined over the course of the
experiment for coated cells, but not as rapidly as the reduction
in fluorescence recorded for uncoated cells. The relative ATP
concentration measured though the luminescence assay showed
variation among cells with different coatings. ATP levels in cells
coated with PSS and HA increased in the first 20 and 60 min,
respectively, and then slowly declined at similar rates for the
remainder of the assay. PVS-coated cells exhibited a 20%
decrease in ATP levels in the first 15 min and then decreased at
a rate similar to PSS- and HA-coated cells. ATP levels in

Figure 3. Cell suspensions in microplate wells (left) and SEM images
(right) of uncoated cells (top) and cells coated with PAH and PVS,
PSS, and HA (under uncoated from top to bottom, respectively).

Figure 4. Typical AFM images of uncoated cells and coated cells.
R34(pGFPuv) cells are shown uncoated (left) and coated with 2 layers
of PAH and PSS each (right). Scale bars = 200 nm. Images show
amplitude error, which provides high-resolution details and edge
enhancement of cell surfaces, but does not show height.37,38

Corresponding height images are shown in the Supporting
Information.

Figure 5. Relative GFP fluorescence (A), relative ATP concentration
measured by luminescence (B), and viability (C) of uncoated (●, UC)
and coated cells during UV exposure. Coated cells contained two
layers each of PAH and PVS (■), PSS (▼), or HA (▲). Viability was
measured prior to exposure (left bar in each group) and after 60 min
(middle) and 120 min (right). Asterisk denotes that no colonies grew
when 100 μL of the culture was plated to solid media and incubated
overnight at 37 °C.
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uncoated cells increased in the first 20 min, but a rapid decline
in ATP occurred between 20 and 120 min. At the end of 120
min, uncoated cells had lost more than 90% of initial
concentration of intercellular ATP, while coated cells retained
at least 50% of their ATP concentrations. There was no
significant difference in ATP concentration between the start
and the end of the assay for HA-coated cells, suggesting strong
UV protection with HA coatings.
Uncoated cells were unable to reproduce after 60 min

exposure to UV radiation (>7 log dead), while coated cells lost
viability after UV exposure, but a fraction were able to grow
after plating on solid nutrient media. A variation in viable
counts between cell suspensions at the start of the assay was
observed, even though cell preparation and coating methods
were designed to normalize cell number in assay conditions.
While different cell concentrations were calculated in the cell
suspension at the start of the assay, ATP levels in all cell
suspensions at the beginning of the assay were within 1 order of
magnitude of each other, suggesting that cell concentrations of
coated and uncoated cells were not as varied as the measured
CFU counts. The differences in CFU counts between cell
suspensions at the start of the assay is most likely due to the
aggregation properties of coated cells and not to different initial
cell concentrations. The images in Figure 3 support that lower
CFU counts at the start of the assay for PSS- and PVS-coated
cells were due to aggregated cells. Hence, an aggregate of cells
produced one CFU, leading to lower CFU counts at the start of
the assay. The degree of aggregation is different for the different
coatings. For example, HA-coated cells did not aggregate to the
extent of cells coated with PSS and PVS (as shown in the SEM
image in Figure 3). As such, CFU counts at the start of the
assay for HA-coated cells were comparable to those of uncoated
cells.
Activity and UV Sensitivity of Coated Riboswitch

Biosensors. The riboswitch biosensor strain BL21-
(pSAL:RS12.1GFPa1His) was adsorbed onto microplate well
surfaces and coated with successive layers of PAH and anionic
polyelectrolyte. SEM imaging revealed that single cells were
adsorbed and dispersed randomly on microplate well surfaces
(see the Supporting Information). We assessed the ability of
coated and uncoated cells to interact with the target molecule
theophylline and in response, express GFPa1. Table 1
summarizes the Vmax of GFP expression, time at Vmax (tVmax),
lag time (tlag), and fold RFU increase at tVmax (RFUVmax/RFU0)
for each of the experimental trials. Cells coated with PSS
exhibited the highest rate of GFPa1 expression as well as the
largest fold increase in GFPa1 fluorescence over baseline
fluorescence. While the GFPa1 expression and fluorescence of
uncoated cells and cells coated with PVS and HA were
comparable, the time required to induce GFPa1 expression was

considerably different. Cells coated with PSS and HA exhibited
the shortest time to maximal GFPa1 expression and minimal
lag time. Cells coated with PVS were not statistically different
from uncoated cells in all measured kinetic properties.
Coated and uncoated cells were exposed to UV radiation and

expression of GFPa1 was monitored by fluorescence (Figure 6).

Cells coated with either PSS or HA expressed GFPa1 in
response to the theophylline, while no significant increase in
fluorescence was observed for PVS-coated and uncoated cells.
The kinetic analysis as reported in Table 1 was completed for
PSS- and HA-coated cells (Table 2). Time of induction and

expression rates of PSS- and HA-coated cells were similar to
expression rates of the cells when not exposed to UV. Vmax and
RFUVmax/RFU0 were slightly reduced, yet tVmax and tlag were
slightly increased. Kinetic data for uncoated and most of the
PVS-coated cell variables was not calculated because GFP
expression in response to theophylline was not sufficient.

■ DISCUSSION
Effect of UV-Absorbing Polyelectrolyte Coatings on

the UV Sensitivity of Cells. The study tested the ability for
three different anionic polyelectrolyte coatings to absorb UV
radiation and mitigate harmful effects to cells. PAH does not
absorb light in the UV range. PVS and PSS have similar
absorption spectra at 254 nm (UVC), but PSS also absorbs
significantly in the far UV region. HA has a broad absorbance
throughout the UV range. For cells expressing GFPuv, the
application of UV-absorbing polymer coats had a significant
effect on the ability of cells to maintain GFPuv stability and
metabolic activity during exposure to the germicidal lamp.
Mercury vapor lamps common to germicidal UV irradiation
systems emit light in a narrow bandwidth centered at 254 nm,

Table 1. Kinetics of Uncoated and Coated Riboswitch
Biosensor Cells

cellsa Vmax (RFU min−1) tVmax (min) tlag (min) RFUVmax/RFU0

UC 20.5 ± 11.0 710 ± 104 470 ± 140 2.24 ± 0.28
PVS 21.7 ± 7.7 675 ± 34 409 ± 59 2.23 ± 0.59
PSS 59.3 ± 18.2 487 ± 34 311 ± 41 3.12 ± 0.71
HA 33.7 ± 9.3 345 ± 44 172 ± 22 1.89 ± 0.35

aCells are uncoated (UC) or coated with two layers each of PAH and
the listed anionic polyelectrolyte. See text for explanation of variables
and data.

Figure 6. Fluorescence of riboswitch biosensor cells uncoated (gray)
and coated with PVS (dotted line), PSS (solid line), and HA (dashed
line).

Table 2. Kinetics of Coated Riboswitch Biosensor Cells
During UV Exposure

cellsa Vmax (RFU min−1) tVmax (min) tlag (min) RFUVmax/RFU0

PVS 3.3 ± 1.6b NCc NC NC
PSS 47.0 ± 19.5 410 ± 57 224 ± 33 2.33 ± 0.76
HA 15.9 ± 6.6 300 ± 26 156 ± 21 1.23 ± 0.15

aCells are coated with two layers each of PAH and the listed anionic
polyelectrolyte. See text for explanation of variables and data. bAverage
rate (RFU min−1) and not Vmax.

cNot calculated.
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which acts as a potent mutagen to break DNA molecular bonds
and thereby significantly reducing growth and reproduction.39

UV radiation also photosensitizes intracellular O2 to form
singlet oxygen, which will react with amino acid side chains and
reduce protein stability. GFPuv is excited by long-wave UV and
requires ionization for fluorescence, but is still susceptible to
short-wave UV-generated oxyradical damage.40 The detrimental
effects of UV radiation on protein stability, metabolic rate, and,
in particular, viability were observed in uncoated cells. In
contrast, the coated cells fared much better during UV
exposure, because each anionic polyelectrolyte absorbs light
effectively at 254 nm. When different coatings are compared,
cells coated in PVS were the most sensitive to UV light. PSS
and HA are polyaromatic, which provides excellent absorption
in the UV range and is likely why these polymers provide better
protection to cells than PVS.
Effect of Polyelectrolyte Coatings on Riboswitch

Biosensor Response and UV Protection. The kinetics of
biosensor response were first assessed in order to determine the
expression level of each type of coated cell prior to UV
exposure. As Table 1 shows, the time at which the riboswitch
responds to theophylline and the rate at which GFPa1 is
expressed are dependent on the specific coating. Overall, PSS-
and HA-coated cell exhibited the best biosensor response,
demonstrating a higher response rate and faster response time
than the PVS-coated and uncoated cells. PSS and HA contain
aromatic groups, and hydrophobic interactions between
theophylline and the aromatic groups of PSS and HA (e.g.,
π−π stacking) may promote accumulation of theophylline on
the surface of PSS- and HA-coated cells.18 The attraction
between coating and theophylline may enhance target transfer
into the cell and result in a shorter lag time to GFPa1
expression. The shortest time for GFPa1 expression (tVmax and
tlag) was recorded for HA-coated cells; albeit, these cells did not
exhibit the highest rate of expression (Vmax), which was
measured for PSS-coated cells. It is currently unknown why HA
and PSS coatings cause these differences in the kinetic data, but
may be attributed to how theophylline interacts with each
coating and its rate of translocation through the coating and
across the cell membrane.
The biosensor function of PSS- and HA-coated cells was

relatively unaffected by UV radiation; the GFPa1 expression
rate and max fluorescence was only modestly reduced after
exposure to UV light. As expected, UV light completely
disrupted the response from uncoated cells. Surprisingly, the
response to theophylline in PVS-coated cells was also
significantly disrupted. In the previous set of experiments,
PVS coatings protected E. coli (pGFPuv) from UV damage.
Therefore, we assumed that the protection would also be
present when biosensor cells were adsorbed to microwell plate
surfaces. The difference in the protective qualities might be
attributed to the aggregation of E. coli (pGFPuv) cells when in
suspension. In Nature, cells aggregate to protect against harsh
conditions and extreme variations in the environment. Cells
exposed on the surface of the aggregate will be susceptible and
are sacrificed, while cells within the aggregate are more
protected and remain viable. This is a common property of
biofilms and other cell populations that exist in a community.
PVS-coatings caused E. coli (pGFPuv) cells to aggregate in
solution, thus providing an additional mechanism for UV
protection. In the microplate experiments, cells were
immobilized to well surfaces and did not have an opportunity
to aggregate during or after the coating procedure and PVS

coatings alone were not sufficient for UV protection. As such,
the ability of the LbL coatings to induce aggregation can be an
advantage to biosensor resilience. Whole-cell biosensors will
likely operate with improved sustainability and resilience as
aggregates, and this characteristic should be addressed in the
design of biosensor material based on bacteria.

■ CONCLUSIONS
This work demonstrates that LbL polyelectrolyte coatings can
be used to coat whole-cell sensors and endow specific
properties to the cell. The LbL process is benign and retains
cellular function and viability. On the basis of the
polyelectrolyte characteristics, materials can be tuned to
enhance biosensor function and properties. The polyelectrolyte
used affects the kinetics of target interaction with biosensor and
reporting function. The aromatic anionic polyelectrolytes
provide excellent protection against UV radiation, allowing
cells to retain biosensing functions and remain metabolically
active and viable after prolonged exposure to UVC radiation
from a germicidal lamp.
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