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The skin is the largest organ of the human body. Wounds disrupt the functions of the skin and can have cata-
strophic consequences for an individual resulting in significant morbidity and mortality. Wound infections are
common and can substantially delay healing and can result in non-healing wounds and sepsis. Early diagnosis and
treatment of infection reduce risk of complications and support wound healing. Methods for monitoring of wound
pH can facilitate early detection of infection. Here we show a novel strategy for integrating pH sensing capabilities
in state-of-the-art hydrogel-based wound dressings fabricated from bacterial nanocellulose (BC). A high surface
area material was developed by self-assembly of mesoporous silica nanoparticles (MSNs) in BC. By encapsulating
a pH-responsive dye in the MSNs, wound dressings for continuous pH sensing with spatiotemporal resolution
were developed. The pH responsive BC-based nanocomposites demonstrated excellent wound dressing properties,
with respect to conformability, mechanical properties, and water vapor transmission rate. In addition to facili-
tating rapid colorimetric assessment of wound pH, this strategy for generating functional BC-MSN nano-
composites can be further be adapted for encapsulation and release of bioactive compounds for treatment of hard-
to-heal wounds, enabling development of novel wound care materials.
1. Introduction

Wound infections can result in serious complications for all types of
wounds, including surgical wounds and burns [1,2], with increased risk
of sepsis [3,4] and delayed healing as a consequence [1]. If the wound
has not healed within 6 weeks to 3 months or is recurring, it is referred to
as a non-healing, or chronic, wound [5,6]. Chronic wounds pose a great
burden on the healthcare systems all over the world and result in reduced
quality of life for millions of patients [7,8]. These non-healing wounds
give rise to persistent pain, distress, anxiety, and chronic morbidity and
result in prolonged hospital stays and increased mortality [9]. In the
United States, 3–4% of the population >65 years of age have open
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wounds [10]. Cost projection for wound treatment in the US is in the
range from $28.1 to $96.8 billion and are expected to rise sharply
globally as a result of an aging population, increasing obesity rates and
incidence of diabetes [11]. Moreover, with increased antibiotic resis-
tance among pathogens, better diagnostic methods and new treatment
options for chronic wound infections are urgently needed [12].

Wound healing is a complex process and involves a multitude of
different factors important for optimal healing, including clearing of
foreign bodies and pathogens by the immune system and tissue remod-
eling mediated by resident cells. In medically compromised patients, an
elevated inflammatory response results in reduced tissue reconstitution,
which further contributes to the chronification of wounds [13]. For a
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chronic wound to heal, the infection must be controlled and ideally
eradicated. This is commonly achieved using a combination of debride-
ment of dead tissue, topical antiseptics, and systemic administration of
antibiotic agents. Surgical or mechanical debridement can, however,
damage healthy tissue and retard the healing process while systemic
antibiotics increase the risk of antibiotic resistance in pathogens [14].
Additionally, bacterial infections often lead to extensive biofilm forma-
tion, which protects the bacteria and makes them less susceptible to
antibiotics [15].

Wound infections are generally diagnosed by visual inspection, which
is both subjective and requires an infection to have progressed to a level
where clinical symptoms such as redness, swelling, pus and pain are
clearly present [1,16]. At this stage, the microbial load is high, and the
infection can be very difficult to treat. Wound swabs followed by culture
are sometimes used to identify the causative organism, which is
time-consuming and subject to variability depending on differences in
clinical practice [16,17]. Early-stage detection and diagnosis of wound
infections can enable a more efficient treatment and reduce the risks of
developing non-healing wounds [5]. Several different sensor designs
have been investigated for early detection of wound infections and sepsis,
including nanoplasmonic-based point-of-care devices for rapid detection
of procalcitonin and C-reactive protein [18], wearable electrical [19],
and optical [20] temperature sensors, as well as colorimetric [21],
potentiometric [22], and fluorometric [23] pH sensors.

Whereas the pH of intact and non-infected skin is slightly acidic and
typically varies between 4 and 6 [24], the pH values of chronic wounds
are typically in the range of 7–9 [24–26]. Slower healing occurs in both
acute and chronic wounds with an elevated alkaline pH, compared to
wounds with a pH closer to neutral [27,28]. Moreover, infections tend to
trigger an increase in wound pH [25,29,30], which is often manifested
before other clinical symptoms [31]. Sensors monitoring wound pH
could hence potentially enable assessment of wound status and detection
of early-stage infections [24,32]. However, clinical translation and
implementation of wound pH sensors requires that the sensors are robust,
reliable and can produce a distinct sensor readout without the need for
elaborate equipment. In addition, removal of the wound dressing to
monitor biomarkers, such as pH, increase risks of interfering with the
healing process and introducing new pathogens. Integration of the sen-
sors in the wound dressing materials is consequently central and could
facilitate handling and enable close contact between the sensors and the
wound.

Development of new advanced wound dressing materials [33,34] and
improved strategies for functionalization of the dressings [35,36] has
paved the way for wound diagnostic strategies that limits the impact on
wound healing [37]. Akbari and co-workers have reported a colorimetric
pH-responsive alginate-based wound dressing obtained by loading pH
indicators in ion-exchange beads that were trapped in the hydrogel
matrix by electrostatic interactions [38]. Alginate is a widely used ma-
terial for wound dressings [39,40], however, the pH-responsive dressings
were not mechanically robust and sensitive to dehydration. Whereas the
former complicates handling, the latter can result in very high-water
vapor transmission rates (WVTR) which has a negative impact on
wound healing [40]. Liu et al. addressed these problems by reinforcing
alginate hydrogels with a covalently cross-linked second network of
polyacrylamide, resulting in higher tensile strength and improved WVTR
[41]. The hydrogels were further modified by covalent conjugation of the
pH-responsive dye phenol red to the polymers. However, in addition to
the complex synthesis, the colorimetric response showed poor contrast to
wound tissues, making the readout difficult. To improve contrast,
Gamerith et al. developed a method for immobilizing the pH-responsive
dye bromocresol purple (BCP) to cellulose-based materials, such as filter
paper and cotton [42]. BCP changes color from yellow to blue with
increasing pH, a color transition that could be clearly visible in wounds.
However, the conjugation of the dye to cellulose required heating of the
materials to 120 �C, which is not compatible with state-of-the-art
hydrogel wound dressings. An alternative strategy was presented by
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Khademhosseini and co-workers, where a pH-responsive material based
on mesoporous polyester beads was loaded with the pH sensitive dye
brilliant yellow and embedded in alginate hydrogel microfibers [43]. The
fibers could subsequently be adsorbed on conventional wound dressings,
such as fiber bandages. Although the colorimetric contrast of the dye
used was very poor in a wound environment, the concept of loading the
dye in a carrier particle is benign and allows for further optimization of
the sensor response.

Here, we show a pH-responsive composite nanocellulose-based
wound dressing material (pH@BC) that allows for rapid high contrast
visual colorimetric readout of wound pH. The wound dressings were
fabricated from bacterial nanocellulose (BC), impregnated with meso-
porous silica nanoparticles (MSNs) that were loaded with a pH-
responsive dye (Fig. 1). BC is a highly hydrated material comprised of
a complex three-dimensional (3D) arrangement of nanocellulose fibrils,
which form a tight mesh that mimics the structure of the extra cellular
matrix (ECM). The nanoscale porosity prevents penetration of bacteria
but allow for diffusion of liquids, gases, and macromolecules. The large
water holding capacity, and good mechanical properties of BC facilitate
handling and promotes a moist wound microenvironment that favors
healing. The high conformability allows for close contact between the
wound tissue and the dressing which relieves pain and stops bleeding
[44,45], and can also potentially allow for sensitive detection of bio-
markers when integrating sensor elements in the BC.

We have recently demonstrated that BC-based wound dressings can
be functionalized with a wide range of metal nanoparticles (NPs) by self-
assembly, resulting in nanocomposites with unique optical and antimi-
crobial properties [46]. This process is driven by short range van der
Waals interactions between the NPs and the BC. By tuning the in-
teractions and conditions for the self-assembly process, large quantities
of well-defined NPs could be adsorbed. Here, we have modified and
optimized this approach for adsorption of MSNs in BCwound dressings as
a carrier for pH-responsive dyes. MSNs have a large specific surface area
[47] and have been utilized in numerous applications, such as purifica-
tion [48,49], catalysis [47] and drug delivery [50–52]. Biomedical ap-
plications are facilitated by their low toxicity, high stability [53,54],
well-defined pore structure [55] and tunable surface chemistry [56,
57]. Even with large quantities of incorporated MSNs, the BC dressings
showed excellent mechanical properties, water retention, and vapor
transmission rate. The MSNs were further loaded with the pH indicator
bromothymol blue (BTB). BTB shows a color shift from yellow to green to
blue in the pH range 5.5–8. The colors are discrete at low pH but change
to a high contrast color when pH increases above 6, corresponding to a
relevant range for detection of wound infections. The MSNs employed
here, SBA-15, are optically transparent and about 400 nm in size and are
characterized by ordered hexagonal nanopores [55]. The high surface
area of the nanocomposites allowed for loading of large quantities of BTB
in the dressings, which facilitated readout of wound pH. Without the
MSNs, negligible amount of BTB were retained in the BC dressings. This
pH-responsive nanocomposite hence combines excellent wound dressing
material properties with rapid and non-invasive visual pH monitoring for
wound assessment and early detection of infections.

2. Materials and methods

General: BC produced from Komagataeibacter xylinus was obtained
from S2Medical AB (Link€oping, Sweden). All chemicals were obtained
from Merck KGaA (Darmstadt, Germany) and used without further pu-
rification unless otherwise noted.

MSN Synthesis: MSNs were synthesized using a protocol from Bj€ork
et al. [55] Shortly, 2.4 g of Pluronic P123 (PEO20PPO70PEO20, Mn
~5800) and 28 mg ammonium fluoride (>98%) (Honeywell Fluka,
Charlotte, NC, USA) were dissolved in 80 mL 1.84 M HCl (from �37%)
using magnetic stirring at 20 �C. A solution of 5.5 mL of tetraethyl
orthosilicate (98%) and 1.0 mL of heptane (99%) were premixed and
added to the micelle solution. The mixture was stirred for 4 min and then



Fig. 1. pH-responsive nanocomposite wound dressings were obtained by impregnating bacterial nanocellulose with mesoporous silica nanoparticles loaded with a pH-
responsive dye.

O. Eskilson et al. Materials Today Bio 19 (2023) 100574
kept under static conditions over-night at 20 �C. The solution was
transferred to a PTFE flask for hydrothermal treatment at 100 �C for 24 h.
The MSN were collected by filtration and washed with deionized water.
To remove surfactants, MSN were calcined at 550 �C for 5 h with a ramp
of 2 �C/min.

Nitrogen Physisorption Measurements: Specific surface area was calcu-
lated from nitrogen physisorption isotherms obtained using an ASAP
2020 (Micromeritics Instrument Inc., Norcross, GA, USA) operated at
�196 �C. Prior to the measurements, the samples were degassed at 110
�C for 6 h. Specific surface was calculated using the BET-method on the
adsorption isotherm at P/P0 ¼ 0.07–0.18.

MSN Immobilization in BC: BC dressings were cut into 6 mm discs with
a thickness of roughly 0.2 � 10�3 m using a biopsy punch. The BC discs
were rinsed in MilliQ water before any further treatment. The pH-
responsive wound dressings were synthesized by incubating the BC
discs in 0.5 mL suspension of 5 mg/mLMSN in MilliQ water for 5 days on
an orbital shaker. After the incubation, the BC discs were rinsed in MilliQ
water and placed in 200 μL 2 mM BTB solution and incubated overnight.
The discs were then transferred directly from the BTB incubation to a
solution of 200 μL PEI 4 mg/mL, 1 M NaCl, pH 5.5 in MilliQ water and
incubated for 1 h. The discs where then repeatedly rinsed inMilliQ water.

Adsorption of BTB in Suspended Mesoporous Silica Nanoparticles: MSNs
were suspended in MilliQ water by vortexing for several minutes and
ultrasonication for 1 min. Particles and supernatant were then separated
using centrifuging with a micro centrifuge. For every 10 mg of MSN, 200
μL of BTB (2 mM pH 8) was added, particles were resuspended by vor-
texing and incubated overnight. Particles were then centrifuged, and the
supernatant discarded. For every 10 mg of MSN, 200 μL PEI (4 mg/mL, 1
M NaCl, pH 5.5) (ICN Biomedicals Inc., Aurora, OH, USA) was added.
Particles were resuspended and incubated in the PEI solution for 1 h.
Particles were washed with MilliQ water by centrifuging and replacing
the supernatant with MilliQ water.

Effect of PEI Capping on BTB Release: MSNs were incubated in BTB
solution (2 mM, pH 8) according to the protocol described previously.
Following BTB loading, MSNs were centrifuged, and supernatant
removed. One part of loaded MSN was further functionalized with PEI
according to the protocol described above. MTA buffer was prepared
with 50 mM (4- morpholineethanesulfonic acid), 100 mM TRIS (2-
amino-2- (hydroxymethyl)-1,3-propanediol), and 50 mM acetate. Parti-
cles were split in 5 mg aliquots and incubated in 1.5 mL of MTA buffer at
pH 5, 7 or 9. BTB release was quantified using a microplate reader (Tecan
Infinite M1000 Pro, Tecan Austria GmbH, Gr€odig/Salzburg, Austria).
Measurements were taken in triplicates.

Effect of MSN on BTB Loading and Retention: BC and BC-MSN dressings
were incubated overnight in BTB solution (2 mM, pH 8). Excess BTB was
3

carefully removed by patting with dry tissue paper, prior to submerging
the membranes in 200 μL PEI (4 mg/mL, 1 M NaCl, pH 5.5). Extinction
spectra were recorded with a microplate reader (Tecan Infinite M1000
Pro, Tecan Austria GmbH, Gr€odig/Salzburg, Austria). The samples were
subsequently washed three times by incubation in 250 μL of MTA buffer
(pH 9) for 30 min. Extinction spectra of the membranes were then ac-
quired to quantify BTB retention.

Effect of BTB Incubation Concentration on Dressing Color Intensity: Four
BC-MSN dressings were transferred to 200 μL, pH 8, BTB-solution of 2
mM, 1 mM, 0.5 mM and 0.1 mM in MilliQ water and left to incubate
overnight. The MSNs were then capped with PEI (4 mg/mL, 1 M NaCl pH
5.5, ICN Biomedicals Inc., Aurora, OH, USA) and rinsed. Spectra were
acquired using a microplate reader (Tecan Infinite M1000 Pro, Tecan
Austria GmbH).

Wound Dressing Response to pH: The pH-responsive dressings were
subjected to 100 μL 100 mM citrate buffer at pH 5.5, 6, 6.5 or PBS pH 7,
7.5, 8, 8.5, and incubated for 45 min þ15 min on an orbital shaker.
UV–vis spectra of the dressings were recorded using a microplate reader
(Tecan Infinite M1000 Pro, Tecan Austria GmbH).

Spatial pH Detection: A pH-responsive dressing was placed on a glass
slide and excess water was removed. A droplet of 1 μL of 0.1 M HCl was
added to the left side of the dressing and a droplet of 1 μL of 0.1 M NaOH
was added to the right side.

Scanning Electron Microscopy: Dressings were dried overnight in a
desiccator cabinet or by freeze drying. Dressings were then placed on
conducting carbon tape and sputter coated with platinum for 10 s. Images
were acquired using a Zeiss LEO Gemini 1550 (Carl Zeiss, Oberkochen,
Germany) with an InLens detector. Acceleration voltage was set to 3 kV.

Transmission Electron Microscopy: MSNs were suspended in ethanol
and added to a hollow carbon grid. Samples were imaged using a FEI
Tecnai G2 TF 20 UT (FEI Company, Hillsboro, OR, USA) microscope
operated at 200 kV.

X-ray Microtomography (XRT): The structure of BC and BC-MSN
(incubated in 5 mg/mL of MSN suspension for 1 day and 5 days) were
3D reconstructed after freeze-drying using a Zeiss Xradia 510 Versa (Carl
Zeiss, Dublin, CA, USA) with a 20� objective, with a field of view of 0.56
mm and voxel size of 0.56 μm. Samples sized approximately 1.5 mm3

were scanned with an X-ray tube voltage of 50 kV, output power of 4 W,
and no X-ray filters. A total of 2401 projections with an exposure time of
6 s resulted in a total scan time of 6 h. Reconstruction was performed
using filtered back-projection with the Zeiss Scout-and-Scan Recon-
structor software (version 11.1) and Dragonfly Pro Software (ORS) (Carl
Zeiss, Dublin, CA, USA) was used for the 3D visualization of the structure.

Thermogravimetric Analysis: Thermogravimetric analysis (TGA) was
performed to measure MSNwt % in BC. BC-MSN dressings were prepared
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as previously described, by incubating BC dressings in a suspension of 2,
5 and 10 mg/mL MSN for 1, 3, 5 and 7 days under constant shaking (100
min-1). Dressings were then rinsed in MilliQ water and dried before
analysis. TGA curves were obtained using a STA 449 C Jupiter Thermo-
microbalance (Netzsch-Ger€atebau GmbH, Selb, Germany). For this
study, 10 to 15 samples were used. Samples were heated in an open
alumina crucible from 25 to 550 �C under air atmosphere at heating rate
of 10 �C/min. The mass of each sample was in the range of 4–10 mg, and
weight loss was recorded from 120 to 550 �C. Data acquisition was
performed with Proteus Analysis software (Netzsch-Ger€atebau GmbH,
Selb, Germany).

Stability test of BC-MSN: The spontaneous detachment of MSNs from
BC-MSN dressings was evaluated by incubating BC-MSNs (ø 6 mm, n ¼
10) in 200 μL 10 mM PBS for 3 days at room temperature under shaking.
Following incubation, UV–vis spectra of the incubation solutions were
acquired using a microplate reader (Tecan Infinite M1000 Pro, Tecan
Austria GmbH, Gr€odig/Salzburg, Austria) to determine the concentration
of detached MSN.

Water Content: Water content of BC-MSN dressings was measured to
investigate the impact of MSN on the water uptake capacity of BC. The
dry weight of the dressings was determined post dehydration by TGA
with a STA 449 C Jupiter Thermo-microbalance (Netzsch-Ger€atebau
GmbH, Selb, Germany). Samples were heated in an open alumina cru-
cible from 25 to 110 �C under air atmosphere at heating rate of 1 �C/min.
The mass of each sample was in the range of 30–75 mg. Percent water
content was calculated according to the following equation:

% water content¼ðWw �WdÞ
Wd

� 100 (1)

where Ww and Wd are the weights of the wet and dry sample, respec-
tively. The experiments were performed in triplicates.

Compression Rheology:Measurements were carried out on a Discovery
HR-2 rheometer (TA instruments, New Castle, DE, USA) using an 8 mm
parallel plate geometry. Measurements were carried out at a temperature
of 25 �C, regulated by a Peltier element, using BC discs with a diameter of
8 mm. Before each measurement, the upper plate was lowered in prox-
imity to the sample, and extra MilliQ water was added in the gap. Water
flow in the radial direction was unconstrained during compression. Prior
to the measurements, the linear viscoelastic region (LVR) of the materials
was identified and appropriate frequency and oscillation strains (1 Hz
and 0.01%, respectively) were selected within this region for oscillatory
rheology measurements (data not shown). The samples were iteratively
compressed and allowed to relax at different gap heights. The axial
compression was performed at a speed of 5 μm/s until axial force levels of
0.1, 0.5, 1, 2, 4 and 6 N were achieved to assess the material properties in
the out-of-plane direction. After every compression step, gap height was
maintained constant and the sample was allowed to relax for 2min, while
subjected to small amplitude oscillatory deformations (SAOS), to mea-
sure the viscoelastic properties. The axial force was recorded throughout
the whole measurement and plotted as a function of time to measure the
characteristic relaxation at 2 min. Storage (G0) and Loss moduli (G00) were
recorded during the oscillatory rheology steps, and plotted as a function
of time, gap, and dry content. All samples were run in quadruplicates and
representative curves are presented.

Tensile Testing: Mechanical properties of BC, BC-MSN and pH@BC
were measured using a Shimadzu Autograph AG-X universal tensile
testing machine (Shimadzu Corp., Kyoto, Japan) equipped with a load
cell of 1 kN. Tests were performed at a strain rate of 2 mm/min with a
gauge length of 20 mm. Samples were formed into strips of 6 mm in
width and 80 mm in length and kept in MilliQ water prior to testing.
Average values are based on at least five measurements per sample.

Water Vapor Transmission Rate (WVTR): WVTR of the dressings was
calculated according to SS-EN 13726-2 standard with minor modifica-
tions. Briefly, 12 mm circular samples were positioned on the mouth of
cylindrical glass vials containing 3 mL of deionized water with a cap with
4

a hole with 64 mm2 orifice area. The systemwas sealed with paraffin wax
to prevent moisture loss. Vials were incubated at 37 �C in 32% RH for the
duration of the test. Evaporation of water through the dressings was
determined by periodic weightings over a period of 3 days. Weight loss
data were fitted by linear regression excluding data points corresponding
to the first 4 h, during which the weight loss was mainly driven by the
drying of the exterior part of the dressing. Weight loss data were
normalized against dressingh area and time, allowing calculation of the
WVTR (g/m2/day). Five samples were tested per each condition.

Water Retention Rate (WRR): Dressings were incubated in MilliQ
water for 24 h prior to testing. Hydrated dressings were blotted with wet
laboratory paper to remove surface water and allowed to dry at room
temperature. Mass loss was monitored at 30 min intervals, until drying.
Successively, the dressings were completely dried in an oven at 80 �C to
determine the dry weight. WRR was calculated according to the
following equation:

WRR¼
�
Wt �Wd

Ww �Wd

�
*100 %

where Wt is the instantaneous weight, Ww is the initial weight of the
hydrated sample and Wd is the weight of the dry sample. Samples were
measured at least in quintuplicates.

Cytocompatibility Evaluation on Primary Human Keratinocytes and Fi-
broblasts: Cytocompatibility was evaluated using healthy human cells
isolated from skin samples of healthy patients undergoing plastic surgery
at Link€oping University Hospital, Sweden. Experiments were carried out
under ethical approval from the Swedish Ethical Review Authority
(2018/97/31). Keratinocytes were isolated from the epidermis by
removing subcutaneous fat and incubating the remaining skin in Dul-
becco's Modified Eagle's Medium (DMEM; Gibco Thermo Fisher Scienti-
fic, Paisley, UK) containing 25 U/mL dispase (Gibco Thermo Fisher
Scientific) for 18 h at 4 �C. The epidermis was dissected and enzymati-
cally digested by incubation in 4 mL of 0.02% versene and 0.1% trypsin
for 15 min at 37 �C, 5% CO2, and 95% humidity, while being vortexed
every 2 min. The solution was centrifuged at 365 g for 5 min, the pellet
was resuspended in 15 mL of keratinocyte medium and seeded in a 75
cm2 cell culture flask (Falcon, Corning Inc, Corning, USA) until con-
fluency. To isolate fibroblasts, dermis was cut into 1 � 3 mm2 pieces and
placed in DMEM with 165 U/mL collagenase (Gibco Thermo Fisher
Scientific, Paisley, UK) and 2.5 mg/mL dispase (Gibco Thermo Fisher
Scientific) and incubated at 37 �C, 5% CO2, and 95% humidity overnight.
Digested tissue was centrifuged for 5 min at 365 g and the resulting cell
pellet re-suspended in DMEM supplemented with 50 U/mL penicillin
(Gibco BRL, Life Technologies, Paisley, UK), 50 mg/mL streptomycin
(Gibco BRL, Life Technologies) and 10% fetal calf serum (Gibco BRL, Life
Technologies) and seeded in a 75 cm2 culture flask (Falcon, Corning Inc)
and kept in an incubator at 37 �C, 5% CO2, and 95% humidity. For testing
effects of intact dressings on proliferation, cells were seeded in 12-well
culture plates at a density of 10,000 cells/well, allowed to attach over-
night, covered with 10 mm diameter dressings (n ¼ 3), and cultured for
72 h. Every 24 h, cells were detached using 0.02% versene and 0.1%
trypsin, and counted using an EVE automated cell counter (NanoEntek,
Seoul, South Korea). To assess effects on migration, cells were expanded
in 12-well culture plates until confluent, after which mitomycin was
added to prevent proliferation and a scratch through the center of the
well was produced using a p200 pipette tip. Cells were covered with 10
mm diameter dressings (n ¼ 3) and photographed every 24 h using an
IX51 phase contrast microscope (Olympus, Solna, Sweden). Images were
analyzed for repopulation of the denuded area using ImageJ software
(National Institutes of Health, USA). Additionally, proliferation was
analyzed using a LiveCyte II kinetic cytometer (Phase Focus, Sheffield,
UK). BC-MSN-BTB dressings were prepared according to the protocol
described above, and incubated in keratinocyte medium (keratinocyte
serum-free medium (Gibco Thermo Fisher Scientific) supplemented with
25 μg/mL bovine pituitary extract, 1 ng/mL epidermal growth factor, 50
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U/mL penicillin and 50 mg/mL streptomycin (PEST)) for 24 h in 37 �C.
The obtained solution was serially diluted in keratinocyte medium in
concentration 100 %–0% and dispensed on sub confluent keratinocytes.
Cells were detached by 0.02% trypsin and 0.01% versine, counted using
an EVE automated cell counter (NanoEntek), seeded at a concentration of
4000 cells/well in a 96-well plate (Flat bottomwith Low Evaporation Lid,
Tissue Culture Treated, Corning Incorporate Costar, Glendale, Arizona,
USA) and incubated with 150 μL keratinocyte medium. The plate was
cultured for 48 h prior to the beginning of the test when medium was
substituted with release solution from the BC and BC composites (n ¼ 8).
The experiment was carried on for 72 h, and images were acquired every
55 min (10� magnification, 1000� 1000 μm scan area). Data were
processed using the Cell Analysis Toolbox software (Phase Focus, Shef-
field, UK). All data from the cytocompatibility analyses were exported to
Prism 8.0 (Graphpad, LaJolla, CA, US) for further analyses and genera-
tion of graphs. Statistical analysis was performed through non-
parametric Kruskal–Wallis test completed with Dunn's multiple com-
parison post hoc test. For proliferation, data were processed in MATLAB
R2019a (The MathWorks Inc., Natick, Massachusetts, United States) and
noise was attenuated with Savigny-Golay filter. For migration, data were
expressed in percent remaining of original scratch area at start of
experiment.

Porcine In Vivo InfectedWoundModel: Experiments involving the use of
animals were performed under approval from the Regional Animal Ethics
Committee (ID 1418), adhered to the guidelines postulated by Link€oping
University and were supervised by a veterinarian. All procedures were
performed under general anesthesia, induced by intramuscular (IM) in-
jection of 10 μg/kg dexmedetomidin (Dexdomitor; Orion Pharma, Dan-
deryd, Sweden) and 3 μg/kg of tiletamin and zolazepam (Zoletil; Virbac,
Kolding, Denmark). The animal (n ¼ 1) was intubated with an endotra-
cheal tube connected to an automatic ventilator. General anesthesia and
analgesia were maintained with intravenous infusion of 3–7.5 mg/kg
pentobarbital sodium (Pentobarbitalnatrium vet.; APL, Kungens Kurva,
Sweden) in combination with 0.5–0.75 μg/kg fentanyl (Leptanal, Jans-
sen, Solna, Sweden). Vital parameters were monitored by pulse oximetry,
capnography and rectal thermometer. Signs of postoperative pain were
treated with IM administration of 50–75 μg fentanyl and 40 mg melox-
icam (Loxicom; N-Vet AB, Uppsala, Sweden). Several circular full-
thickness wounds with a diameter of 2 cm were created on the
dorsum, of which two were used for testing the sensor. One of the
wounds was inoculated with 2 � 106 colony forming units (CFU) of
Staphylococcus aureus (ATCC 29213, Manassas, VA, USA). The remaining
wound served as non-infected control. Two days later, the animal was
anesthetized according to the above-described procedure and dressings
were placed in direct contact with the wounds. Following the experi-
ments, still under anesthesia, the animal was euthanized by intravenous
injection of 400 mg/kg pentobarbital sodium (Pentobarbitalnatrium vet.;
APL, Kungens Kurva, Sweden). Additionally, wound tissue was excised,
fixed in 4% neutral buffered paraformaldehyde for 12 h, dehydrated
through an ethanol–xylene series and embedded in paraffin. Using a
microtome (RM2255, Leica Biosystems, Wetzlar, Germany), 6 μm sec-
tions of samples were mounted on slides and stained using Hematoxylin
and Eosin (Histolab Products AB, Gothenburg, Sweden) according to
manufacturer's instructions. Samples were visualized using an BX41
microscope (Olympus, Stockholm, Sweden) and images captured with a
DP70 CCD camera (Olympus).

3. Results and discussion

3.1. BC-MSN nanocomposite materials

BC is a translucent hydrogel consisting of a network of cellulose fibrils
roughly 40–70 nm in width and up to several micrometers in length
(Fig. 2a). The nanofibrillar networks form a highly hydrated and porous
matrix. BC is chemically stable, and functionalization requires oxidation
that, in addition to being laborious, can have a negative impact on the
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material properties [58]. To turn BC wound dressings into a
pH-responsive material without the need to chemically functionalize the
nanocellulose we explored the possibility of incorporating MSNs as a
carrier of BTB (Fig. 2b and Fig. S1). Despite the negative zeta potentials of
both BC [59,60] and MSNs [61] at neutral pH, we discovered that when
BC was immersed in aqueous suspensions of MSNs with a defined ionic
strength, the MSNs readily adsorbed to the BC (Fig. 2c and d). The
accumulation of MSNs resulted in an increased scattering of light in the
visible wavelength range compared to the native BC (Fig. 2d). However,
these differences were small enough to not significantly affect the
apparent transparency of the dressings (Fig. 2e), which facilitates the
implementation of the colorimetric pH sensing strategy. The adsorption
of MSNs to BC was further confirmed by scanning electron microscopy
(SEM) (Fig. 2f and Fig. S2) and X-ray microtomography (XRT) (Fig. S3).
The SEM micrographs show that large quantities of MSNs had diffused
into the BC and were trapped in the porous network, apparently in close
contact with the BC fibrils. The extensive MSN adsorption is most likely a
result of short-range van der Waals interactions, as we have previously
confirmed for other types of NPs [46]. This process requires that the
particles are colloidally stable at sufficiently high ionic strength to
compress the dielectric double layer to allow for close physical contact
between the nanocellulose fibrils and the MSNs. Due to presence of re-
sidual salt from the synthesis, no additional increase in ionic strength was
needed to promote adsorption. Increasing the ionic strength further did
not significantly improve the adsorption rate (Fig. S4). Increasing the
concentration of MSNs from 2 mg/mL to 5 mg/mL led to a 1.6-fold in-
crease in MSN adsorption for incubation times of 1 day (Fig. 2g), as
indicated by thermogravimetric analysis (TGA). Maintaining the con-
centration at 5 mg/mL, while increasing the incubation time from 1 day
to 5 days resulted in increased accumulation of MSNs as observed by XRT
scans (Fig. S3). When subjected to a suspension of MSNs (5 mg/mL) for
24 h, the dry weight of the BC dressings increased by 40%. After the first
24 h, the relative concentration of MSNs in the BC increased linearly with
time, reaching about 55 wt % after 7 days of incubation (Fig. 2g,h and
Fig. S5). The strong interactions between MSN and BC ensured a high
retention of MSN nanoparticles and a negligible amount of the nano-
particles were lost from the dressing after 3 days of shaking in PBS
(Fig. S6).

The presence of the MSNs further led to a dramatic increase in specific
surface area. Due to the nanofibrillar network, BC alone has a relatively
large specific surface area corresponding to about 88 m2/g as determined
from nitrogen physisorption isotherms (Fig. 2i). The MSNs on the other
hand, have a specific surface area of 600–700 m2/g. The BC-MSNs
consequently display a large increase in effective surface area as
compared to the BC alone, reaching 265 m2/g when incubated with a
suspension of 5 mg/mL for 5 days. Increasing the concentration to 10
mg/mL and incubation time to 18 days lead to an additional 2.3-fold
increase in effective surface area to 469 m2/g (Fig. S7), clearly
showing the unique possibility to create hydrated nanocomposites with
extremely high surface areas.

4. Fabrication pH-Responsive wound dressings

To create pH-responsive wound dressings (pH@BC), we exploited the
capacity of MSNs to adsorb and retain a low molecular weight pH
responsive dye (BTB). BTB was found to adsorb readily in MSNs, both in
suspension (Fig. 3a) and when bound to BC (Fig. 3b). After loading the
MSNs with BTB, the pores were capped by the polyelectrolyte poly-
ethyleneimine (PEI) to prevent release of the adsorbed dye. Without
capping, the BTB rapidly dissociated from the MSNs whereas MSNs
capped with PEI retained the majority of the loaded BTB without any
substantial loss in color intensity over time (Fig. S8). In absence of MSNs,
the color of the dressings was very weak, indicating poor binding of BTB
to the nanocellulose and demonstrating the necessity of using MSNs for
efficient immobilization and long-term retention of BTB, (Fig. S9).
Storage of PEI capped BTB-loaded BC-MSN dressings kept in water for up



Fig. 2. a) SEM micrograph of BC, scale bar: 2 μm b) TEM micrograph of MSN (SBA-15), scale bar: 50 nm. c) Schematic representation of MSN self-assembly process in
BC. d) UV–vis spectra of BC and BC-MSN (5 mg/mL and 5 days incubation time), n > 3. Shaded areas show standard deviations. e) Photographs of circular (ø 20 mm)
BC (i) and BC-MSN (ii) dressings, scale bar: 1 cm. f) SEM micrograph of BC-MSN (5 mg/mL and 5 days incubation time), scale bar: 1 μm. g) Dry weight % of MSN in the
BC dressings after incubation for 1 day at different MSN concentrations. h) Dry weight % of MSN in the BC dressings after incubation with BC for different times. i)
Nitrogen physisorption isotherms of MSN, BC-MSN (5 mg/mL and 5 days incubation time) and BC.
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to 14 days did not result in any decrease in color intensity (Fig. S10). The
color intensity of the final pH@BC materials could be tuned by the BTB
concentration in the incubation solution. A higher BTB concentration
resulted in a more intense color of the pH@BC dressings but did not alter
the pH sensing properties of the encapsulated dye (Fig. 3c). Additionally,
we investigated a second synthesis route by pre-loading the MSNs par-
ticles with BTB, followed by capping with PEI, after which they were
adsorbed to BC (Fig. 3b). Although the BTB could be efficiently retained
in the MSNs, the adsorption of the MSNs to BC was less efficient, most
likely due to the PEI capping reducing the van der Waals interactions
between BC and MSNs [46].

We further investigated the pH-responsiveness of the final composite
material by immersing the pH@BC dressings in buffers with different pH.
6

We noticed a rapid (seconds) color transition from yellow at pH 5.5 to
green at pH 7 and further to blue at pH 8 and above (Fig. 3d). Addi-
tionally, the dressings could pick up differences in pH with spatial res-
olution (Fig. 3e). UV–vis spectra of the dressings in Fig. 3d recorded in
transmissionmode showed a distinct spectral change as pHwas increased
(Fig. 3f). The spectra showed a similar trend as the colorimetric response
of BTB in solution (Fig. S11), with someminor differences caused by light
scattering from both theMSNs and BC. By using the ratio of the extinction
peaks at 613 nm and 430 nm, it was possible to reduce any effects caused
by differences in BTB concentrations and particle distributions within
and between dressings (Fig. 3g). Moreover, the pH-induced color changes
were reversible and cycling between pH 4 and 7 resulted in reproducible
spectral changes (Fig. 3h). The pH@BC dressings are hence able to



Fig. 3. BTB-loading and pH-response of the nanocomposite wound dressings. a) Photograph of MSNs loaded with BTB and functionalized with PEI. b) pH@BC
synthesis by i) BC-MSN incubated in BTB with subsequent functionalization of PEI, and ii) BTB and PEI pre-functionalized MSN loaded onto BC, n ¼ 6, shaded areas
show standard deviation. c) Effect of varying BTB concentration on sensor color intensity. d) Photographs of pH@BC at different pH values ranging from pH 5.5 to 8.5.
e) Spatial pH sensing with a pH-responsive dressing subject to: left pH < 6 and right pH > 8, scale bar: 2 mm. f) Extinction spectra of pH@BC at different pH measured
between 400 and 800 nm. g) Ratio between the two BTB peaks (~430 and ~613 nm) as a function of pH between pH 5.5 and 8.5, n ¼ 3. h) BTB peak ratio for a sensor
repeatedly exposed to buffers with pH 4 and 7, n ¼ 2. Error bars show standard deviations. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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monitor dynamic changes in wound pH, which could be highly relevant
for investigating, for example, effects on interventions aiming at reducing
the bacterial load.
4.1. Wound dressing characteristics

Native BC wound dressings conform very well to both intact skin and
wounds, resulting in a close contact between the material and the tissue.
This close contact between the wound and the dressing reduces pain and
promotes healing [62]. The functionalization of the BC dressings with
MSNs resulted in a material that retained the conformability of BC, while
presenting a slightly more open and hydrated structure (Fig. 4a). The
incorporation of MSNs increased the thickness of the dressings by about
30% with respect to unfunctionalized BC (Fig. 4b), from 366� 49 μm for
native BC to 473� 61 μm for the composite material. Due to the increase
in volume and meso-scale porosity, the composite material showed an
increased fluid retention capacity (Fig. 4c).

An optimal wound dressing should have evaporative water loss values
that can balance wound bed dehydration and exudate accumulation with
an ideal WVTR between 2000 and 2500 g/m2/day [63], which is close to
the values observed for native BC dressings (Fig. 4d). Introducing MSNs
did not significantly alter the WVTR, nor did BTB loading and PEI
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functionalization. The pH@BC dressings thus retain the close to ideal
WVTR of native BC dressings.

Both the handling and performance of the dressings are highly
dependent on the mechanical properties of the materials. To assess the
impact of the presence of MSNs in the BC network, we first measured the
mechanical properties of the dressings in the out-of-plane direction as a
function of the dry content of the materials. When compressed, the BC
network shows very little deformation in the radial direction [64], which
makes it possible to estimate the sample volume from the geometry gap
in the rheometer during the measurement. Subsequently, the changes in
relative dry content can be derived from the gap height and the initial dry
weight. Water content measurements demonstrated that BC fibrils
accounted for 2.85 wt % and MSNs for 1.95 wt %.

To perform a quantitative comparison of the mechanical properties of
the three materials, we related the mechanical properties to the relative
dry weight of the dressings. During axial compression, the material
response was dominated by flow of free water out of the BC network in
the radial direction. The water flow is highly influenced by the BC
network porosity. To study the porosity effect on the water flow, the
compression was followed by a stress relaxation step during which the
material was allowed to relax under steady compressive conditions. We
evaluated the material stress relaxation response as the drop in normal



Fig. 4. Physical and mechanical properties of BC-MSN composite wound dressings. a) Conformability of 6 mm dressings of (i) BC, (ii) BC-MSN and (iii) pH@BC on
untreated skin (pH ~ 5.5) and skin subject to a pH 7.4 buffer (scale bar: 2 mm). b) Thickness of BC dressings, BC-MSN and pH@BC, n � 6. Error bars show standard
deviations. c) Water retention ratio (WRR), n � 5. Error bars show standard deviation. d) WVTR of BC, BC-MSN and pH@BC dressings, n ¼ 5. Error bars show standard
deviation. Significance was tested using one way ANOVA, p < 0.01. e–h) Rheological compression-relaxation characterization of BC, BC-MSN and pH@BC dressings.
e) Axial force as a function of time. f) Young's modulus as a function of dry weight %. g) Stress relaxation after 5 min from the onset of stress relaxation step as a
function of dry weight %. h) Storage and loss moduli (G0, G00) evaluated under oscillatory shear during relaxation as a function of dry weight %. i) Representative stress
and strain curves from tensile testing of BC, BC-MSN, and pH@BC dressings.
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force over a period of 5 min (Fig. 4e–h). The compressive stiffness of the
dressings was evaluated in terms of Young's modulus. The addition of
MSNs increased the stiffness of the dressings through the formation of a
load-bearing network, which allowed the materials to reach higher
compressive stresses upon moderate compression strains (Fig. 4f). The
MSNs also influenced the stress relaxation of the dressings. Native BC
showed high stress decay rates with over 90% decay within 3 s for
compression forces � 1 N and full relaxation (static state) within 1 min
for all the measured compressive force levels. The MSN-functionalized
BC showed incomplete relaxation and substantial changes in the relax-
ation profile (Fig. 4e). The MSN-containing dressings demonstrated a low
stress decay rate, which was more pronounced at high compression levels
(Fig. S12). In addition, longer stress relaxation times were observed
where relaxation extended to 45% after 1 h, following ~12 kPa
compression, without reaching static state (Fig. S13). These results
indicate that the MSN-functionalized dressings have better ability to
withstand compressive forces, which is of clinical relevance, especially
8

when applied in joint regions where non-intentional compressions can
occur. This effect is partly caused by the MSNs interacting with multiple
BC fibrils, stiffening the material. Moreover, the increased tortuosity of
the hydrogel network following the addition of the MSNs hinders water
flow. As expected, no additional effect on the stress relaxation behavior
were seen after loading the MSNs with BTB and capping with PEI
(Fig. 4g).

Both BC and BC-MSN composites form viscoelastic networks with a
storage modulus (G0) higher than the loss modulus (G00). The presence of
the MSNs increased stiffness of the materials compared to native BC at
the same compression level. Furthermore, the increase in G0 over time,
while undergoing small amplitude oscillation strains, suggests estab-
lishment of additional strong interactions between MSNs and BC fibrils
caused by the mechanical rearrangements in the composites (Fig. 4h).
Despite the differences in mechanical properties upon compression,
tensile strength measurements only showed minor differences between
native BC and the different composites (Fig. 4i). We observed a small
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increase in tensile strength in the presence of MSNs compared to native
BC, further indicating that the MSNs interact with multiple nanocellulose
fibrils resulting in a reinforcement of the materials.

4.2. Cytocompatibility and in vivo performance

The cytocompatibility of the dressings was investigated according to
ISO 10993–5:2009 by first exposing cultured human primary keratino-
cytes and fibroblasts to leachables from the BC nanocomposites, obtained
by incubating the dressings in cell culture medium for 24 h at 37 �C. The
cells were cultured for 72 h and cell proliferation and migration were
measured continuously. For the lower concentrations of leachables, there
was no decrease in proliferation for neither keratinocytes nor fibroblasts
compared to the controls (Fig. 5a and b and Fig. S14). For the highest
concentrations of leachables, cell proliferation was reduced for kerati-
nocytes but not for fibroblasts. A decrease in keratinocyte migration rate
Fig. 5. Biocompatibility testing of the pH-responsive wound dressings. a, c) Keratinoc
cultured in extracts from pH@BC. Results displayed as mean and standard error of th
responsive wound dressings applied on (e) non-infected wound and (g) a wound infe
min after application of the dressings. f, h) show dressings (e) and (g), respectively,
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was seen at high concentrations of leachables whereas cells cultured at
lower concentrations were largely unaffected compared to the controls
(Fig. 5c, Fig. S15a and Fig. S16). No substantial differences in fibroblast
migration were seen for any of the conditions (Fig. 5d, Fig. S15b and
Fig. S17). Moreover, no differences in cell response between BC-MSN-PEI
and pH@BC were observed. Both fibroblasts and keratinocytes thus
tolerate the components leaching from the dressings. This is in line with
previous observations that BTB does not influence cell viability at con-
centration <1 mg/mL [65,66]. To further explore cytocompatibility of
the dressings, theywere also placed directly on top of the cultured cells. A
decrease in cell proliferation but not in cell number was seen for all
conditions, including native BC, compared to the non-covered cells for
both fibroblasts (Fig. S18a) and keratinocytes (Fig. S18b). Cell migration
of covered cells were assessed using a scratch assay. All conditions,
including native BC, showed a decrease in migration rate compared to
the non-covered cells for both fibroblasts (Fig. S18c) and keratinocytes
yte and b, d) fibroblast normalized cell count and migration rate over 72 h when
e mean, *P < 0.1; P < 0.0001 whereas not indicated (n ¼ 8). Photographs of pH-
cted with Staphylococcus aureus, scale bar: 2 mm. Photographs were recorded 1
after being recovered from the wound and rinsed in water, scale bar: 2 mm.
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(Fig. S18d). Since cells also covered by native BC showed reduced pro-
liferation and migration, the effects are likely primarily due to the re-
striction in gas and nutrient diffusion over the dressings. In a wound,
however, nutrient and oxygen transport primarily occurs from the wound
bed and cells will likely not be affected to the same extent when covered
by the dressings.

In the in vivo situation, the wound environment is highly complex,
and the dressings will be in direct contact with tissues and wound
exudate [67], and in the case of infected wounds also bacteria and bio-
films. To study the in vivo performance of the pH-responsive wound
dressings we used a porcine wound model due to demonstrated simi-
larities in cellular composition, morphology, and immunological prop-
erties to human skin [68]. The pH-responsive dressings were applied to
both a non-infected wound and a wound infected with Staphylococcus
aureus (Fig. S19). The size of the dressings was intentionally kept smaller
than the wound during these experiments to ensure close contact be-
tween the dressings and the tissue. In the non-infected wound, the
dressing showed a yellow-greenish color indicative of physiological pH
(Fig. 5e and f). In contrast, the dressings applied on the infected wound
showed a rapid (<1 min) change in color from yellow to deep blue,
indicating an alkaline environment with a pH ~8 (Fig. 5g and h). The
color of the dressing in the infected wound showed a distinct contrast to
the color of the tissue, allowing for a clear sensor readout. The experi-
ments thus indicate that the color change of the dressings occur as rapidly
in vivo as when subjected to pure buffers and confirmed that sensor
readout is possible also directly in the wound.

5. Conclusions

Nanocomposite wound dressings with integrated real-time pH
sensing properties were developed using a self-assembly-based fabrica-
tion strategy for integrating MSNs in BC. The MSNs were loaded with a
pH-responsive dye (BTB) and capped with PEI to prevent release of the
dye. The BC-based nanocomposites retained excellent wound dressing
material characteristics, similar to native BC, including good conform-
ability allowing for close contact between the dressing and the wound
bed. The pH@BC dressings showed appropriate exudate holding capacity
and water vapor transmission rate, which are important for preservation
of a moist wound environment and wound re-epithelialization. The self-
assembly fabrication process further allowed for tuning of the material
characteristics, including mechanical properties and effective surface
area. An increase in effective surface area from 88 m2/g of native BC to
469 m2/g after functionalization with MSNs was obtained. Without
MSNs, the dressings could not retain the BTB and consequently lost the
pH sensing capabilities. The pH@BC wound dressings were tolerated by
cultured human primary keratinocytes and fibroblasts, the main cell
types of human skin. The large surface area and mesoporous structure of
the BC-MSN composites allowed for efficient loading and retention of pH-
responsive dyes, enabling real-time wound pH monitoring with spatio-
temporal resolution and clear readout both in vitro and in vivo in an
infected porcine wound model. The possibility to continuously monitor
wound pH without having to remove the dressing can shed new light on
the effect of wound pH on healing and enable early detection of wound
infections, allowing for improved diagnosis and treatment that can halt
progression and development of non-healing wounds. Moreover, naked-
eye sensor readout can facilitate cost-effective and streamlined wound
care, potentially reducing needs for excessive treatment with antibiotics.
The possibilities to create well-defined composites of two high-surface-
area biomaterials can further enable development of a wide range of
devices for therapeutic and diagnostic applications for advanced wound
care applications.
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