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Candida urinary tract biofilms are increasingly witnessed in nosocomial infections due to reduced immu-

nity of patients and the hospital ecosystem. The indwelling devices utilized to support patients with ure-

thral diseases that connect the unsterilized external environment with the internal environment of the

patient are another significant source of urinary tract biofilm infections. Recently, nanoparticle (NP)-

associated therapeutics have gained traction in a number of areas, including fighting antibiotic-resistant

bacterial biofilm infection. However, most studies on nanotherapeutic delivery have only been carried out

in laboratory settings rather than in clinical trials due to the lack of precise in vitro and in vivo models for

testing their efficiency. Here we develop a novel biofilm-infected 3D human urothelial cell culture model

to test the efficiency of nanoparticle (NP)-based antifungal therapeutics. The NPs were designed based

on shellac cores, loaded with fluconazole and coated with the cationic enzyme lysozyme. Our formu-

lation of 0.2 wt% lysozyme-coated 0.02 wt% fluconazole-loaded 0.2 wt% shellac NPs, sterically stabilised

by 0.25 wt% poloxamer 407, showed an enhanced efficiency in removing Candida albicans biofilms

formed on 3D layer of urothelial cell clusteroids. The NP formulation exhibited low toxicity to urothelial

cells. This study provides a reliable in vitro model for Candida urinary tract biofilm infections, which could

potentially replace animal models in the testing of such antifungal nanotechnologies. The reproducibility

and availability of a well-defined biofilm-infected 3D urothelial cell culture model give valuable insights

into the formation and clearing of fungal biofilms and could accelerate the clinical use of antifungal

nanotherapeutics.

Introduction

Urinary tract infections (UTIs) are one of the most common
diseases in all age groups, consuming many medical
resources.1 UTIs are most common in women, with the life-
time incidence exceeding 40%.2 UTIs can be divided into cysti-
tis, pyelonephritis, and prostatitis based on the analysis of
clinical symptoms and microbiological types.3–5 The main
sites of infection in these three types of urinary tract infections
are the lower urinary tract, upper urinary tract, and kidney or
prostate.6

Candida urinary tract infections are relatively rare in
healthy individuals but are more likely to occur in nosocomial
infections.7 This is highly associated with the patient’s
reduced immunity. The hospital ecosystem also contributes to
the increased rate of urinary tract infections among patients.
Candida albicans infections account for 42 percent of hospital-
acquired urinary tract infections in infants.8 Another primary
source of nosocomial infection in the urinary tract are indwel-
ling devices that are used to support patients who have ure-
thral diseases, such as catheters and stents.9,10

The relevance of biofilms to catheter-associated urinary
tract infection (CAUTI) is that a foreign body, such as an
indwelling urethral catheter, connecting a normally sterile,
hydrated body site to the outside world will inevitably become
colonized with microorganisms significantly increasing the
risk of biofilm infection.11–13 Indwelling medical devices are
often colonized by bacteria or fungal cells, which are able to
form an extracellular polymeric substance (EPS) to encapsulate
and protect their colony. The EPS allows them to proliferate
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and increase their adhesion to the tissue and enhance their re-
sistance to drugs.14,15 This unique ecosystem, called a biofilm,
enhances the production of DNA, RNA, polysaccharides, and
proteins by higher cell–cell interaction.16,17 The absorption pro-
perties of the EPS to a range of molecules, including antibiotics
and antifungals, and the excretion of extracellular enzymes
additionally boost the colony antimicrobial resistance.18,19

Recently, nanotechnology-based approaches have started to
gain traction for creating new antimicrobial formulations and
delivery systems that are able to penetrate the EPS of biofilms
and kill multidrug-resistant microbial strains.20,21 The existing
nanoparticle therapies are mainly based on inorganic substances,
polymers, and various macromolecules and small molecules that
have been shown to be useful in preventing the formation of
biofilms.22–25 These nanoparticles are typically manufactured by
microfluidics, self-assembly, or mechanical stretching and
exhibit controllable sizes, shapes, and surface properties.26–28

Recently, polymeric antimicrobial nanocarriers,46–50 metal-
based nanocomposites,51–53 carbon-based nanomaterials, and
dual functionalized nanoparticles have been developed into a
valuable nanotechnology to enhance antimicrobial effects and
revive old antibiotics.

An increasing number of nanotechnology-based antimicro-
bials hold promising potential against the threat of antibiotic-
resistant biofilms under laboratory conditions.24–30,58 One
major issue that has dominated the nanotechnology field for
many years is the lack of realistic in vitro testing platforms and
animal models, which are essential before the clinical trial.
Despite the safety and efficacy, animal models are often
limited by their ethical and moral concerns. The existing
in vitro models, such as 2D human cell culture, are too simplis-
tic for biofilm simulation. More recently, literature has
emerged that offers 3D cell culture, balancing the complexity
of real organs and availability.31,32 3D cell cultures use micro-
fluidics, extracellular matrix (ECM), or other devices to
enhance cell-to-cell contact and produce organoid/spheroid
cells with enhanced cell-to-cell signals and functionality.33–35

These models are believed to be more advanced in simulating
the in vivo environment, and their cell cluster sizes (200 μm or
larger) make it feasible to test the effect of drugs on specific
tissues. Research on this subject has been mostly limited to
the fabrication of spheroids with a very low yield, which
strongly inhibits its application in the biomedical area. There
are different types of 3D microenvironments in the biofilm
(EPS) and the urothelial clusteroids (ECM), respectively. The
potential interaction between biofilm’s EPS and clusteroids’
ECM would depend on the maturity of the biofilm, which is
obviously very important for its adhesion to the underlying
tissue and the proliferation of the fungal infection. When a
fungal biofilm infection occurs, they may merge, as the fungal
biofilm is on the outer layer of the urothelial cells and can
penetrate in between the cells in the clusteroids. This topic is
worth pursuing in a separate study focused on these
interactions.

Recently, Das et al. proposed the use of an aqueous two-
phase system (ATPS) water-in-water Pickering emulsion for the

high throughput production of spheroids has emerged.36

Several researchers have reported that this unique technology
could rapidly produce spheroids with considerable yields and
enhanced functionality.37,38 This opens the possibility for
using a 3D urinary cell culture model to simulate the urinary
fungal biofilm infection in vitro.

Here, we employed the cell line ECV 304, which is recog-
nized as a mature bladder cell model with endothelial cell pro-
perties, high availability and stable phenotype, to produce 3D
urinary cell clusteroid models using the ATPS based templat-
ing method.36–38 We inoculated the 3D layer of urothelial cell
clusteroids with a Candida albicans biofilm infection, followed
by testing of the selected nano-formulation, fluconazole-
loaded poloxamer 407 stabilised shellac nanoparticles, surface
functionalized with lysozyme, for its efficiency in clearing the
biofilm. Note that the nanotechnology used here for the treat-
ment of the fungal biofilm could be altered to any existing
models. Here we use one of our established antifungal shellac
nanocarrier systems with a novel enzymatic surface functional-
ity of lysozyme and fluconazole payload, as an example. The
schematics of our experiments is summarized in Fig. 1.

There are two primary aims of this study: (i) to investigate
the feasibility of the fungal infection on 3D urinary cell
models and (ii) to ascertain the efficiency of the selected nano-
technology for clearing fungal biofilms on the 3D urinary cell
layer. This study provides an exciting opportunity to advance
the current in vitro models in simulating urinary tract biofilm
infection. The tested nano-formulation could prove to be
effective for the downstream applications of the exceeding
number of nanotechnologies.

We envisage that such an antifungal nano-formulation
could be used in future clinical studies for clearing fungal bio-
films on the bladder and urethra walls. Biofilms on the urothe-
lium could potentially be clinically targeted by delivering the
dual functionalised nano-formulation into the bladder by the
catheter system through the urethra, where after clearing of
the biofilm infection it would be naturally excreted through
the patient urinary tract. This nanotechnology may open the
way for treating persistent fungal biofilm infections, and the
3D urinary cell model is a good way of examining its efficacy
along with the testing of its biocompatibility with the cells of
the urothelium.

Materials and methods
Materials

Shellac aqua solution (25 wt% aqueous suspensions) was
sourced from SSB® AquaGold. The fungal species Candida
albicans (Robin) Berkhout (ATCC MYA-2876) was obtained
from the ATCC. Poloxamer 407 (P407, analytical grade) and
lysozyme powder (from hen egg white), poly-L-lysine, and
sodium alginate were obtained from Sigma-Aldrich, UK. Whey
protein was a gift from No. 1 Supplements, Suffolk, UK.
Dulbecco’s modified Eagle’s medium, Corning® Transwell®
polyester membrane cell culture inserts (96 microwell plates),
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0.25% trypsin-EDTA solutions, and Nunc cell culture 6-well
plates were purchased from Thermo Fisher Scientific (UK).
The RPMI 1604 medium (BE12-702F) supplemented with
L-glutamine for the fungal cell culture was sourced from
Lonza, Basel, Switzerland. Dextran DEX, (M.W. 500 kDa) and
polyethylene oxide (PEO, M.W. 200 kDa) were purchased from
Alfa Aesar, UK. Mueller–Hinton Broth (MHB) and Mueller–
Hinton Agar (MHA) were sourced from Oxford, UK. The
Optimal Cutting Temperature (OCT) compound was sourced
from Cellpath™ OCT Embedding Matrix (Fisher scientific,
Loughborough, UK). Foetal bovine serum (FBS) was purchased
from Labtech, Heathfield, UK. Fluconazole (99%) was pur-
chased from Alfa Aesar, UK. CellTiter 96® AQ ueous One
Solution Cell Proliferation Assay (MTS) kit was purchased from
Promega, (Madison, USA). Deionized water purified using a
MilliQ water system (Millipore) was used in all experiments.

ECV 304 monolayer cell culture

The ECV 304 cell line is derived from human urinary bladder
carcinoma, and also represents many features of endothelial
cells. This unique feature will make them a valuable model for
the study of cellular processes in the urothelium/bladder cell
behaviours and the cell–cell interactions. The dual cell charac-
teristics combined with a fast proliferation rate also make this
cell line an ideal in vitro model for biofilm infection testing, as
described below. The ECV 304 cell line was sourced from the
ECACC cell collection and was cultured in DMEM medium

supplemented with 10% FBS sourced from Labtech, UK. The
ECV 304 cells were incubated in a T75 EasYFlask (Thermo
Fisher Scientific, UK) at 37 °C under 5% CO2 before the con-
fluency reached 80%. The medium was discarded, and the
cells were rinsed with phosphate buffered saline (PBS, Lonza,
UK) twice to remove the excessive medium. The cells were pas-
saged at a ratio of 1 : 8 using 0.25 wt% trypsin solution. The
trypsinization was neutralized by adding a complete DMEM
medium, and the cells were collected by centrifugation at 400g
for 4 min.

Production of a 3D layer of ECV 304 cell clusteroids

The protocol of producing ECV 304 3D clusteroids was
retouched from the method introduced by Das et al.36 Briefly,
the protocol is based on an ATPS, water-in-water Pickering
emulsion. 22 g PEO and 11 g dextran powders were suspended
in 50 mL deionized water, followed by autoclaving (121 °C,
15 min) to obtain 22 wt% PEO and 11 wt% DEX sterile solu-
tion. 11 wt% PEO was blended with an equal volume of heat-
treated whey protein particle (WPP) suspension36,37 before
mixing with DMEM complete medium at a ratio of 1 : 1 to
obtain 5.5 wt% PEO/DMEM/WPP solution. Similarly, a
5.5 wt% DEX solution was obtained in DMEM. The dextran
phase (DEX) was used as the dispersed phase, where the ECV
304 cells were initially affiliated to and altered to a fixed cell
concentration (1 × 106 mL−1). The DEX and PEO phases were
gently emulsified using a BD Plastipak™ syringe fitted with a

Fig. 1 Schematic illustration of the in vitro 3D urinary cell model for testing anti-fungal nanotechnologies. Partially created with BioRender.com.
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BD Microlance™ 12 needle (21G 12, internal diameter:
0.512 mm, BD Biosciences, Wokingham, UK) by 6 pumps.
After the DEX/PEO w/w Pickering emulsion was fabricated, the
affiliation of the cells to the DEX phase would facilitate their
encapsulation in the DEX droplets. The cells were compressed
to form cell clusteroids by adding PEO/DMEM solution with a
higher concentration (11 wt%) to a final PEO concentration of
8 wt%. This causes a transfer of water from the DEX drops to
the continuous PEO phase, which shrinks the DEX drops
along with the encapsulated cells. The w/w Pickering emul-
sions were incubated overnight to generate clusteroids by
increased cell–cell interactions. The emulsions were diluted
ten-fold with a DMEM complete medium to enable the emul-
sion to break down and to allow sedimentation of the cluster-
oids by gravity. The clusteroids were then taken out and trans-
ferred to poly-L-lysine coated 6-well plates to produce a 3D
layer of ECV 304 cell clusteroids. The culture was incubated
with complete media at 37 °C under 5% CO2.

Preparation of the C. albicans biofilm infected ECV 304 3D cell
platform

A single colony of C. albicans was collected with a plastic loop
and seeded in a 10 mL Yeast extract–Peptone–Dextrose (YPD)
medium (Sigma-Aldrich, UK). The C. albicans–YPD suspension
was incubated at 37 °C for 12 h with stirring at 150 rpm. The
overnight culture (O/N) was centrifuged at 1000g for 5 min.
The cell pellet was rinsed twice with sterile PBS solution to
remove excess YPD medium before C. albicans were reseeded
in RPMI medium supplemented with 1% L-glutamine. The
fungal cell concentration was adjusted to 1 × 105 mL−1 by a
series of dilutions using RPMI medium, since this is the
optimal condition for the formation of the C. albicans biofilm.
To monitor the spread of fungal infection, the C. albicans cells
were stained using carboxyfluorescein succinimidyl ester
(CFSE), which is a multi-generational dye that binds to lysine
residues and other amine sources.55 The CFSE dye has been
employed to generationally track the bacterial proliferation
over discrete cycles.56 Extended research has demonstrated
that CFSE was capable of monitoring the bacterial/human cell
interaction.57 CFSE shows green signals under a confocal
microscope or a fluorescence microscope set at the FITC
channel (494 nm). The protocol for staining the fungal cells is
given below. Briefly, a 10 mL aliquot of the C. albicans suspen-
sion with a fixed cell concentration of 1 × 105 mL−1 was pel-
leted by centrifugation at 4000g. The sediment was rinsed
twice with sterilized PBS solution and resuspended in 2 ×
CFSE working solution (20 μg CFSE in 10 ml PBS). The
working suspension of C. albicans (labelled with CFSE or
unlabeled) with an optimal cell density was seeded to the
formed 3D ECV 304 cell clusteroid layer growing on the
bottom of the six-well plates. Briefly, 20 μL of the C. albicans
working suspension was added to each well. To allow the pro-
liferation of the clusteroids, 200 μL DMEM complete medium
was also pipetted into the wells. The plates were incubated at
37 °C for 12 h to generate a biofilm on the clusteroid layer.
After the allotted time, the medium was discarded by gentle

pipetting, and the clusteroids infected by the biofilm adhered
to the wells were rinsed two times with sterilized PBS solution.
DMEM medium was used for the cell culture and RPMI
medium for the fungal cell culture.

Preparation of fluconazole-loaded P407-stabilised shellac NPs

To prepare the NP suspension, 200 μL of 25 wt% ammonium
shellac solution (Aqua Gold) was diluted to 50 mL using de-
ionized water to obtain 0.2 wt% ammonium shellac solution.
Then 0.125 g of P407 and 0.01 g fluconazole were added to the
0.2 wt% shellac solution, followed by dropwise addition of
0.25 M NaOH to change the pH to 10. This was followed by
30 min sonication using an ultrasonic bath (Ultrawave, UK) at
40% of the maximum power of 200 at 25 °C, and 30 min of
magnetic stirring was conducted to solubilize P407 and fluco-
nazole. The pH was then adjusted to 5.5 using 0.25 M HCl
solution to precipitate the individual components to shellac
NPs.

The final concentration of the 1× stock NP formulation was
0.02 wt% fluconazole-loaded 0.2 wt% shellac NP sterically
stabilized with 0.25 wt% P407.

Coating of the fluconazole-loaded shellac NPs with lysozyme

To functionalize the shellac nanoparticles with a cationic
surface functionality, 0.125 g of lysozyme powder was added
to the 0.02 wt% fluconazole-loaded 0.2 wt% shellac NPs
stabilized with 0.25 wt% P407 with agitation. The solution
was sonicated for 15 min to avoid aggregation. Lysozyme exhi-
bits a very high positive charge at pH 5.5 and charge reverse
the originally anionic shellac NPs into a cationic surface func-
tionality by an electrostatic binding. The lysozyme-coated
shellac NPs were collected by centrifugation at 8000g for
30 min. The pelleted NPs were then resuspended in 50 mL
deionized water to reach a final concentration of 0.02 wt%
fluconazole-loaded 0.2 wt% shellac NPs stabilized by
0.25 wt% P407 and coated with 0.2 wt% lysozyme. This con-
centration is treated as 1× stock suspension. To obtain a
more concentrated 2×, 3×, or 4× suspension, the pelleted NPs
were diluted in 25 mL, 16.7 mL, and 12.5 mL of deionized
water, respectively.

Bright field, fluorescence, and confocal microscopy observations

The microstructure of the individual clusteroids and the pro-
liferation of the clusteroids collected from the DEX/PEO emul-
sion template were imaged using a bright field optical micro-
scope supplemented with a fluorescence microscope (Olympus
BX-51). 20 μL of the sample was carefully pipetted onto a
concave slide at room temperature under various immersion
objectives. To visualize the clusteroids, 4′,6-diamidino-2-phe-
nylindole (DAPI) was used as the fluorescence dye on the clus-
teroids before the clusteroids were observed. For tracking of
the long-term proliferation of the clusteroids or C. albicans,
CFSE was used, which would permeate into cells and bind to
their interior by the succinimidyl group. The fungal and ECV
304 cells were pre-stained prior to the biofilm formation. For
selective experiments, the clusteroids were stained using the

Paper Biomaterials Science

6930 | Biomater. Sci., 2021, 9, 6927–6939 This journal is © The Royal Society of Chemistry 2021

Pu
bl

is
he

d 
on

 1
6 

Se
pt

em
be

r 
20

21
. D

ow
nl

oa
de

d 
by

 N
az

ar
ba

ye
v 

U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
8/

20
/2

02
5 

10
:2

1:
51

 A
M

. 
View Article Online

https://doi.org/10.1039/d1bm01035b


CellTracker Green CMFDA dye (5-chloromethylfluorescein di-
acetate) and C. albicans were stained with CFSE to allow moni-
toring over longer periods by fluorescence microscopy. The
observation of the C. albicans biofilms and the 3D clusteroid
co-culture model was carried out using a confocal laser scan-
ning microscope (CLSM, Zeiss LSM710). Z-stack images were
collected to generate a 3D view of the biofilms on the cluster-
oid model, which had 100 slices with 2 μm per slice. Two
channels, 461 nm (DAPI) and 488 nm (FITC), were set at a
precise mode to avoid signal interference of the fluorescence
signal within the stained ECV 304 cell clusteroids and the
C. albicans biofilm.

Biofilm clearance efficiency after the NP treatment

After the biofilm-infected ECV 304 in vitro 3D model was
obtained by the method mentioned above, the culture was
firstly rinsed with PBS twice to remove any remaining plank-
tonic fungal cells. The 1× standard stock solution was
0.02 wt% fluconazole-loaded 0.2 wt% shellac NPs sterically
stabilized with 0.25 wt% P407. 100 μL of 1×, 2×, 3× and 4×

stock suspensions were added separately to the clusteroid/
biofilm co-cultures and 100 μL of DMEM complete medium
was supplemented to keep the cells proliferating. 0.1 mL of
PBS with 0.2 mL DMEM complete medium was added to a well
as the control. The antibiofilm properties of the individual
components of the NPs were also tested to prove the efficiency
of the nanostructure. 100 μL of the prepared solutions of
different individual components with an equal concentration
in the NPs were also added into different well plates contain-
ing the biofilm/ECV 304 clusteroid co-cultures. After 24 h of
treatment, the media were discarded, and the cultures were
collected and shaken for 30 s with glass beads to release the
fungal cells from the biofilm. The samples were then trans-
ferred to test tubes with 100 μL of fresh Mueller–Hinton broth
(MHB). Each example was vortexed for 30 s to disassociate the
biofilm and inoculate the MHB with fungal cells. The drop
plate count technique was utilized to quantify cell colony
forming unit (CFU) per mL. To enumerate the fungal cell viabi-
lity inside the biofilms, 10× dilutions were made in the MHB
and 10 μL solutions were transferred onto the MHA plates and

Fig. 2 Optical bright field microscopy images (A, D and F), fluorescence microscopy images (B, E, G and C), and confocal laser scanning microscopy
observation (E) of the individual ECV 304 cell clusteroids encapsulated in the w/w Pickering emulsions (5.5 wt% DEX and 5.5 wt% PEO).36,37 The clus-
teroids were stained with DAPI (B, E, G and C) or FDA live/dead assay (H). The scale bar is 50 μm for (A, B, D and E), 100 μm for (F and G), 50 μm for
(C) and 200 μm for (H). The fluorescence intensity was measured using ZEN software (blue edition).
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left growing for 24 hours at 37 °C. The CFUs were checked
from the last two droplets, which contained a countable
number of CFUs (3 to 30 counts for every 10 μL drop) and the
average count was calculated. Compared to the conventional
CFU assay, the drop plate count technique (10 μL drop)
allowed us to count the visible colonies faster and more accu-
rately by distributing the samples in drops.54

Cytotoxicity test of the NP treatment using an MTS assay

The cytotoxicity of the NP treatment on the ECV 304 cell clus-
teroids is a key feature in evaluating their potential to be used
in clinical applications. An MTS assay was used to test the ECV
304 cell viability after the clusteroids were exposed to the NP
treatment. The MTS assay evaluated the cell metabolic activity.
Nicotinamide adenine dinucleotide phosphate (NADPH)-
dependent cellular oxidoreductase enzymes may, under
defined conditions, reflect the number of viable cells present.
These enzymes can reduce the tetrazolium dye, 3-(4,5-di-
methylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophe-
nyl)-2H-tetrazolium (Compound 1), to a soluble formazan
product. 20 μL of the MTS compound was added to each
microwell containing ECV 304 cell clusteroids with an initial
cell number of about 5 × 105, supplemented with 100 μL
DMEM complete medium, after 1 h and 48 h of cell incubation
at 37° C under 5% CO2, respectively. The microwell plates were
then incubated for another 30 min and then their absorbance
at 490 nm was measured using a microplate reader (BioTek
Synergy HT).

SEM imaging of shellac NPs, ECV 304 cells, and C. albicans
biofilms on the ECV 304 3D clusteroid layer

A sample of the stock formulation of 0.02 wt% fluconazole-
loaded 0.2 wt% shellac NPs stabilized by 0.25 wt% P407 and
coated with 0.2 wt% lysozyme was left to air-dry before it was
coated with gold for imaging. ECV 304 cells, C. albicans
biofilm infected clusteroids, and NPs treated clusteroid/
biofilm co-culture were gently collected from the well plate
using a sterilized loop and shifted to glass slides. The cultures
were fixed with 1 wt% glutaraldehyde in PBS buffer solution
for 1 h at 25 °C. The cultures were then rinsed three times
with deionized water to wash away excess glutaraldehyde. Post
treatment, the 3D clusteroids were gently removed from the
plate using a sterilised loop and placed onto a 7 mm diameter
circular glass slide and adhered to carbon discs. The biofilm
was gently washed with deionized water to remove the excess
media and NPs. The biofilms were then fixed with 1 wt% glu-
taraldehyde in PBS buffer solution for 1 h at room tempera-
ture. After fixation, the biofilms were washed 3 times with de-
ionized water to remove excess glutaraldehyde. Samples were
imaged using Zeiss SmartSEM software (Zeiss Evo-60 S.E.M.,
Germany). The SEM images were processed with a pseudo-
color to distinguish cells from the biofilms (yellow colour for
the cells and green for the C. albicans biofilm).

Cryostat sectioning

For the characterization of the fungal infection inside the clus-
teroid layer, the C. albicans infected layer of the ECV 304 clus-

Fig. 3 CLSM images of the proliferation of the clusteroid layer at different days of culture: (A) day 1; (B) day 3; (C) day 5; and (D) day 7. The initial cell
number was normalized to 1 × 106 cells per mL. Zeiss LSM750 fluorescence microscope was employed to capture the images. The scale bar is
100 μm for the confocal laser scanning microscopy observation of individual ECV 304 clusteroids infected by C. albicans after (E) 1 h and (G) 24 h.
The graphs in (F) and (H) show the fluorescence intensity of (A) and (C), respectively. The scale bar is 50 μm. The red arrows indicate the lines along
which the fluorescence intensity was measured.
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teroid culture was detached from the microwell plate by a steri-
lized loop and placed on filter paper. The culture was then
frozen in optimal cutting temperature (OTC) compound over-
night before cryostat sectioning. A Leica CM1950 was used to
create slices with a thickness of 10 µm, and the slice in the
central region was collected and moved onto the glass slide.
An Olympus BX51 fluorescence microscope was used to visual-
ize the sectioned slices.

Results and discussion
Preparation of the ECV 304 clusteroids and the 3D clusteroid
layer

The ECV 304 cells were harvested after the 2D cell monolayer
culture reached 80% confluency, after which they were moved
to the DEX/PEO w/w Pickering emulsion template stabilized by
2 wt% whey protein particles. The cells were compacted in the
droplets by adding a PEO solution of a higher concentration.
The shrinking process would provide increased cell–cell
adhesion and induce the formation of clusteroids (Fig. S1,
ESI†). Notably, the concentration of PEO/DEX and the shrink-
ing process are essential in clusteroid formation, which was

proved in our former works.27,36–38 The clusteroids were left in
the w/w Pickering emulsion for 12 h to allow cell interaction
and adherence, after which they were collected by diluting the
emulsion 10-fold with PBS, Fig. S1 (ESI).† Typical ECV 304
clusteroids collected from the w/w emulsions are shown in
Fig. S2.† The SEM images compared the individual ECV 304
cells (Fig. S2A, ESI†) with the clusteroids of ECV 304 cells
(Fig. S2B, ESI†), which clearly shows the microstructure of the
cells within. The collected clusteroids were stained with DAPI
and treated with FDA to preliminarily assess their integrity and
cell viability (Fig. 2). We found that the clusteroid formation
process, which is based on the ATPS,27,36–38 did not adversely
impact the viability of the cells in the clusteroids, as shown in
Fig. S3.† A fixed number of cells (1 × 105 mL−1) were formulated
as clusteroids and then were moved to 96 microwell plates pre-
coated with poly-L-lysine. This substrate allows the formation of
a clusteroid layer on the bottom of the wells. The growth of the
clusteroids was continually monitored by CMFDA cell labelling
(a generational dye for living cell tracking). As shown in the
images in Fig. 3A–G and S4,† this indicates that the clusteroids
would proliferate rapidly and fuse into a dense 3D clusteroid
layer, which could potentially work as a proxy for the bladder’s
inner layer of urothelial cells within 7 days. The individual clus-
teroids grew and they percolated with each other and started
fusing into a tissue-like 3D compacted layer.

Fig. 4 SEM observation of 0.25 wt% P407-stabilized 0.02 wt% flucona-
zole-loaded 0.2 wt% lysozyme coated 0.2 wt% shellac nanoparticles.
The scale bar is 500 μm for (A) and 100 μm for (B).

Fig. 5 (A) Efficiency of equivalent individual components of the 4×
stock NP solution on the clearance of the C. albicans biofilm infected on
the 3D culture of the ECV 304 cell clusteroid layer. The fungal cell
numbers were normalized by CFUs. (B) Influence of different concen-
trations of the lysozyme-coated fluconazole-loaded shellac NPs on the
proliferation of the 3D culture of the ECV 304 clusteroid layer after 1 h
and 48 h. The concentration of the 1× standard stock solution is 0.2 wt%
shellac, 0.25 wt% P407, 0.2 wt% lysozyme and 0.02 wt% fluconazole.
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The fusion of the clusteroids is shown in Fig. S4.† Overall,
these results indicate that our w/w Pickering emulsion tem-
plate would be an ideal platform for the fast preparation of
such a realistic in vitro environment which can be further
explored after biofilm infection and treatment.

C. albicans infection and the formation of a biofilm on top of
the ECV 304 3D clusteroid layer

The purpose here was to determine the biofilm formation on
our simulated bladder inner urothelial wall model. The
biofilm formation mechanism on implanted devices and the
surface of various substrates has been well established and
studied,39,40 including tissues and implanted devices.41–45 Our
previous work has successfully demonstrated the S. aureus and
P. aeruginosa biofilm formation on keratinocyte clusteroids.27

The formation of biofilm on an in vitro bladder wall model has
not yet been explored up to the best of our knowledge. To
assess the biofilm-infected 3D clusteroid layer model, a con-

focal microscopy observation was employed to confirm that
C. albicans could successfully embed on the 3D clusteroid layer
(Fig. 3E–H).

The invasion of the fungal cells into individual cell cluster-
oids is clearly shown in Fig. 3E and G. After 1 h of incubation,
the fungal cells started to proliferate and surround the ECV 304
clusteroids. The difference between the “1 h” and “24 h” groups
was clear; the fluorescence signals were dominated by the green
FITC channel, which indicates the coverage of fungal cells on
the layer of clusteroids and the formation of a biofilm.
Similarly, the build-up of a C. albicans biofilm above the 3D
clusteroid layer was also investigated using CLSM (Fig. 3F and
H). After 24 h, one can also observe the biofilm generation on
the clusteroid layer, which correlates with the results of fluo-
rescence microscopy. The specific morphology of the C. albicans
biofilm on the ECV 304 cell clusteroids and the 3D clusteroid
layer was further observed using SEM. As shown in Fig. S2A and
S2B,† the individual C. albicans cells have an oval shape and

Fig. 6 Pseudo colour SEM images of (A) a layer of individual ECV 304 cells without any fungal infection or treatment by 4× lysozyme-coated fluco-
nazole-loaded shellac NP stock solution. (B) Individual ECV 304 clusteroid layer without fungal infection or lysozyme-coated fluconazole-loaded
shellac NP treatment. (C) ECV 304 clusteroid layer infected with the Candida albicans biofilm. (D) The ECV 304 clusteroid layer infected with the
C. albicans biofilm imposed by the treatment of lysozyme-coated fluconazole-loaded shellac NP stock formulation. The scale bar is 100 μm for (A–
C) and 200 μm for (D). The 1× stock suspension of the lysozyme-coated fluconazole-loaded shellac NPs is 0.2 wt% shellac, 0.25 wt% P407, 0.2 wt%
lysozyme and 0.02 wt% fluconazole. The cell concentration used in the experiments was 1 × 105 mL−1. Yellow colour represents the ECV 304 cell
clusteroids, while green colour represents the C. albicans biofilm. The original SEM images are shown in Fig. S2.†
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produce a thick aggregated layer on top of the ECV 304 cluster-
oids. Note that the formation of the biofilm does not disinte-
grate the structure of the layer of cell clusteroids.

Characterization of the lysosome-coated fluconazole-loaded
shellac NPs

Detailed characterisation results of the fluconazole nano-
carrier are presented in the ESI.† The results obtained from
the average hydrodynamic diameter and zeta-potential analysis
of the produced shellac NPs as a function of fluconazole con-
centration at pH 5.5 are shown in Fig. S5B.† The increase of
the fluconazole concentration had only a very minor effect on
the average nanoparticle hydrodynamic diameter, ranging
between 68 nm and 79 nm, Fig. S5A.† As can be seen from
Fig. S5E,† the pH had only a minor effect on the fluconazole
encapsulation efficiency. All the set groups yielded an encapsu-
lation efficiency higher than 70%. The release kinetics of fluco-
nazole from the 1× stock suspension of NPs was measured at

pH 5.5 as a function of time. Fig. S5F† shows that fluconazole
was released to about 50% after 15 h and approximately 70%
after 25 h. Such release kinetics makes the nanocarrier suit-
able for treating the biofilms. The size of the nanoparticles
shown in the SEM images (Fig. 4) correlated with the
results obtained from the Zetasizer measurements (Fig. S5A
and C – ESI†). The NPs had a spherical shape and were about
60–90 nm in size. The zeta-potential was influenced by fluco-
nazole with no more than 30% variation (Fig. S5B – ESI†). The
negative surface charging remained in all the set groups due
to the residual –COOH groups of the shellac components (shel-
lolic acids).

The efficiency of the lysozyme-coated fluconazole-loaded NP
treatment for the clearance of the Candida albicans biofilm on
the 3D layer of the ECV 304 cell clusteroids

Here we examined the antifungal activity of the lysozyme-
coated shellac nanocarriers of fluconazole on the biofilm

Fig. 7 Confocal laser scanning microscopy observation of the biofilm/ECV 304 clusteroid co-cultures before (A–C) and after 12 h (E–G) and 24 h
(I–K) of the treatment of 4× stock solution of the NPs. The scale bar is 50 μm for D–J. The fluorescence intensity of the figures C, G and K is dis-
played in figures D, H and L, respectively. The size of the box is 800 μm × 800 μm × 80 μm (X, Y and Z). The concentration of the 1× stock solution of
NPs is 0.2 wt% shellac, 0.25 wt% P407, 0.2 wt% lysozyme and 0.02 wt% fluconazole. The fluorescence intensity was measured using ZEN software
(blue edition). The red arrows indicate where the fluorescence intensity was measured.
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anchored on the 3D layer of urothelial clusteroids. To deter-
mine the efficiency of the biofilm clearance of the NPs,
different concentrations of stock solutions were applied on the
C. albicans biofilm infected 3D layer of the ECV 304 cell
clusteroids.

As can be seen in Fig. 5A, the increased concentration of
the NPs delivered higher efficiency on clearance of the fungal
biofilm, with a 5-log reduction on the overall amount of the
viable fungal cells when treated with 4× stock solution of the
NPs. A lower NP concentration was not enough to clear the
whole fungal biofilm. This could be attributed to the intrinsic
and high resistance of C. albicans to fluconazole. The individ-
ual components of the NPs were also separately tested for
their efficiency of biofilm clearance with an equal concen-
tration to the formulation used in the NPs. Fig. 5B shows that
the major contributor to the antifungal action was brought by
the fluconazole payload. Lysozyme also showed a certain
fungal killing effect, as it can catalyze the hydrolysis of 1,4-
beta-linkages between N-acetylmuramic acid and N-acetyl-D-
glucosamine residues in peptidoglycans. The other com-
ponents of the NPs showed very limited positive effects on
biofilm clearance.

SEM imaging was employed to examine the microstructure
of the fungal biofilm infection on the 3D layer of clusteroids
(Fig. 6). The biofilm was manually adjusted to green colour,
and the cells yellow. The SEM images clearly show the mor-
phology of the biofilm stuck on the cell clusteroid layer
(Fig. 6C and D). After the treatment of the NPs, only a few
planktonic fungal cells could be observed. The original images
of SEM are provided in Fig. S2 (ESI).†

It is worth mentioning that none of the individual com-
ponents of the nanocarrier could match the biofilm
clearing efficiency of the composite NPs, which dominated the
effect of the individual components. These results indicate the
synergistic effect of the nano-formulation in killing the
C. albicans cells and clearing the fungal biofilm. To illustrate
the biofilm removal, the biofilm clearing process of the 4×
stock NPs solution was visualized using CLSM observations.
The 3D layer of clusteroids was pre-stained with DAPI dye
before the fungal biofilm infection, which was contrast-stained
with CFSE.

The removal of the biofilm was partly achieved after 1 h of
incubation starting from the outer layer of the biofilm
(Fig. 7A–D). The CFSE fluorescence signal was slightly
reduced. After 12 h of incubation with the NP treatment, half
of the biofilm deposited on the surface of the clusteroids
peeled off (Fig. 7E–H). After 24 h incubation, the biofilm
initially attached to the surface of the 3D clusteroid layer was
mostly removed, only leaving a very low number of fungal cells
inside of the clusteroid layer (Fig. 7H–K). This could be proven
by the fluorescence intensity, which showed that the signals
peaked at the central area. The intractability of the complete
removal of the biofilm is mainly derived from its thick EPS.
The long-term release and the electrostatic absorbance of the
NPs showed a positive synergistic effect on clearing the
biofilm. However, the images collected from CLSM obser-
vations demonstrated that the partly rough morphology of the
3D layer of clusteroids may potentially reduce the efficiency of
the fungal biofilm removal. To clarify this point, cryostat sec-
tioning was used to visualize whether the fungal cell infection

Fig. 8 Microscopy observation of the cryostat sectioned slices of the 3D co-cultured fungal biofilm infected clusteroid layer: before (A–C) and after
(E–G) treatment with 4× stock solution. Each slice produced by the cryosectioning is 10 μm. An Olympus BX51 fluorescence microscope was used
for the series of observations. The fluorescence intensity of C and G was measured using ZEN software (blue edition), and is shown in D and H,
respectively. The scale bar is 100 μm (same for all images). The concentration of 1× stock suspension is 0.2 wt% shellac, 0.25 wt% P407, 0.2 wt%
lysozyme and 0.02 wt% fluconazole. The red arrows indicate where the fluorescence intensity was measured.
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in the core of the clusteroids was restrained. Fig. 8 shows the
junction of the clusteroids in the bright field observations.
Similarly, the green fluorescence signal from the fungal cells
was reduced by over 60%. However, a minor residue of fungal
cells could still be detected in the sectioned slice after the 4×
stock solution treatment.

Cytotoxicity of the NPs treatment on the ECV 304 clusteroids

Different concentrations of NPs stock suspensions were added
to the microwell plate containing the 3D cell clusteroid layer to
investigate the cytotoxicity of the NPs on the ECV 304 cells. In
clinical practice, the utilization of the NPs treatment would
potentially affect the surrounding uninfected cells. To evaluate
and potentially reduce this influence, the cytotoxicity test was
carried out using an MTS assay. Fig. 9 shows that 1× stock
solution could reduce the overall cell amount by 40% after
48 h. Interestingly, the cell proliferation was not impaired by
the addition of a highly concentrated amount of NPs (4×
stock), which indicates a saturation. The 4× stock solution had
only a negligible effect on the ECV 304 cell viability. No signifi-
cant difference was observed in the ECV 304 cell amount after
1 h of treatment with different concentrations of the stock
solution. Compared to the 5-log reduction in the C. albicans
cells after 24 h of treatment, only a 40% inhibition on ECV 304
cell proliferation clearly indicated this NP treatment as an
efficient biofilm cleaning formulation.

Conclusions

Here we developed a C. albicans biofilm-infected 3D urothelial
cell clusteroid model for mimicking the bladder inner cell
wall. For clearing fungal biofilms on the 3D layer of urothelial
clusteroids, we designed a fluconazole-loaded shellac
nanotherapeutic system using a coating of the cationic enzyme
lysozyme to functionalize the fluconazole nanocarriers. The
cationic lysozyme coating reversed the surface charge and
changed the negatively charged shellac NPs into positively
charged nanocarriers targeting the negatively charged
C. albicans biofilm. The idea is that the lysozyme-coating of

the nanocarrier would partially digest the EPS of the biofilm
which is rich in peptidoglycans and facilitate the delivery of
the antifungal agent fluconazole to the encased C. albicans
cells.

CLSM and SEM imaging, bright field microscopy, CFU
counts, MTS assay, and cryostat sectioning were employed to
characterise the state of the C. albicans biofilm infected 3D
layer of the urothelial clusteroids before and after the nano-
therapy treatment. These antifungal NPs showed a significant
enhancement of the biofilm clearing effect compared to any
free individual components (shellac, P407, or fluconazole).
The strong antifungal effect of this treatment did not signifi-
cantly increase the cytotoxicity of the 3D clusteroid model; the
treatment of the clusteroids brought minor effects on the clus-
teroid proliferation. The whole process of this work includes
urothelial cell culture and formation of cell clusteroids,
biofilm infection, and NP treatment. Such a protocol could be
potentially used as a general platform for mimicking a wide
range of fungal biofilm infections or bacterial infections on
selected organs or body parts by replacing the species of cell
type and pathogen type. Taken together, the introduced
biofilm-infected 3D urothelial cell clusteroid platform is an
ideal model for mimicking urinary tract infection. This plat-
form provides researchers with a facile approach for testing
various therapeutics, especially nanocarrier-based thera-
peutics, for biofilm clearance. This work would fill in the gaps
in in vitro urinary models for biofilm infection and could be a
useful guide for relevant biofilm in vitro simulations which are
expected to facilitate the clinical use of nanotechnology-based
antimicrobial therapeutics.
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Fig. 9 Cytotoxicity of different concentrations of lysozyme-coated
fluconazole-loaded shellac NPs suspensions on the proliferation of the
3D layers of ECV 304 clusteroids after 1 h and 48 h of culture. The cell
numbers in the different cultures taken after 1 h and 48 h were calcu-
lated using the standard curve.
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