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ABSTRACT: Infections are a severe health issue, and the need
for an early point-of-care diagnostic approach for wound
infections is continuously growing. Lysozyme has shown a great
potential as a biomarker for rapid detection of wound infection. In
this study, spray-drying of labeled and derivatized chitosans was
investigated for the production of small particles responsive to
lysozyme. Therefore, various chitosans, differing in their origin
(snow crab, Chionoecetes sp., with medium and low molecular
weight or shrimp) were N-acetylated, labeled with reactive black
5, and tested for solubility and spray-drying suitability. Reactive
black-5-stained N-acetylated chitosan (low molecular weight,
origin crab) was successfully spray-dried, and the obtained
particles were characterized regarding size, ζ potential, and
morphology. The particles showed an average hydrodynamic
radius of 612.5 ± 132.8 nm. ζ potential was measured in the context of a later application as an infection detection system for
wound infections in artificial wound fluid (−6.14 ± 0.16 mV) and infected wound fluid (−7.93 ± 1.35 mV). Furthermore, the
aggregation behavior and surface structure were analyzed by using scanning electron microscopy and confocal laser scanning
microscopy revealing spherical-shaped particles with explicit surface topologies. Spray-dried N-acetylated chitosan particles
showed a 5-fold increase in lysozyme-responsive release of dyed chitosan fragments due to the enhanced surface area to volume
ratio when compared to non-spray-dried N-acetylated chitosan flakes. On the basis of these results, the study showed the
improved properties of N-acetylated spray-dried chitosan particles for future applications for early and rapid infection detection.
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■ INTRODUCTION

Worldwide, wound infections are a severe health issue with 7−
10% of all surgical wounds yearly diagnosed as infected and
over 6.5 million patients suffering from chronic wounds in the
United States only in 2009.1,2 Chronic infections develop from
traumatic or surgical wounds and health-care-associated
infections with life-endangering consequences such as sepsis;3

thus, reliable infection prevention, detection, and treatment
strategies are needed.
In general, wound healing is a complex process involving

different phases of hemostasis, inflammation, proliferation, and
remodeling.4 Microbial colonization of the wound is possible
during all phases, and most infections are identified as
polymicrobial.5 In the case of infection, the host defenses are
not capable of competing against the invading organisms
resulting in delayed wound healing, in increased patient
trauma, and possibly in the development of chronic wounds.6,7

In this context, infections have to be identified rapidly and
early enough, whereby signs for clinical diagnosis were
described by Cutting and Harding. Delayed healing, offensive
odor, discoloration, increase in lesion size, pain or discomfort,
and prolonged exudate production were described as
important signs for the diagnosis of infection.8 However,
clinical signs are still seen as controversial, as discussed by
Gardner et al.9,10 Therefore, microbiological sampling
combined with modern molecular biology tools, hematologic
analysis, and the analysis of biochemical markers such as
bacteria, metabolites, or enzymes offer additional potential for
reliable and rapid diagnosis.11
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Various methods for the detection of enzymes as
biochemical markers are described, and recently reviewed by
Tegl et al.12 comprising aptamers or amperometric sensors,
color reactions, antibody trapping, and dye release systems,
among others.6,12 These systems are based on elevated
activities of certain enzymes in human wound fluid of infected
wounds, whereby these enzyme activities refer to the current
wound status. Biomarkers such as lysozyme, human neutrophil
elastase (HNE), and myeloperoxidase (MPO) are frequently
discussed in this regard13 while among these enzymes only
lysozyme is exclusively produced by the human immune
system, as a direct reflection of the host’s immune response.14

Considerably increased activity of lysozyme in postoperative
wounds and decubitus wound fluids was reported by Hasmann
et al. (4830 ± 1848 U/mL; compared to noninfected wounds,
376 ± 240 U/mL), which demonstrated the potential of
lysozyme as the basis for the development of new infection
detection systems.15,16

Lysozymes are glycoside hydrolases found in GH families
19, 22, 23, 24, and 46, commonly hydrolyzing the glycosidic
linkage between the N-acetyl glucosamine and N-acetylmur-
amic acid units of peptidoglycan of bacterial cell walls.17

Additionally, lysozyme was described to hydrolyze chitosan, a
biopolymer consisting of β(1,4)-linked units of N-acetyl
glucosamine and glucosamine,17 which offers an alternative
lysozyme-responsive biomaterial overcoming the bacterial
origin of peptidoglycan and therefore the possibility of an
immune response.6,12 The hydrolysis rate of chitosan by
lysozyme is influenced by the physicochemical properties of
the chitosans such as the degree of N-acetylation (DA) as well
as the distribution of acetyl groups along the polymer chain
(PA).18 Chemical modifications of chitosans successfully led to
the development of chitosan-based lysozyme substrates,
enabling the detection of increased lysozyme activities in
human wound fluids.19 Furthermore, chitosan and chitosan
derivates have been extensively studied regarding biocompat-
ibility and biotoxicity.20,21 Published studies on chitosan
toxicity showed a strong dependency on the type of chemical
modification and application routes.21−23 Nonetheless, chito-
san is widely regarded as being a nontoxic material, and
products in dietary applications are approved in Japan, Italy,
and Finland. Additionally, chitosan as wound dressing material
was already approved by the FDA.21

On the basis of this previous report, the present work
investigates the synthesis of a functionalized chitosan-based
material suitable for spray-drying, resulting in particles that
enable a simple and rapid visual lysozyme detection in wound
fluids. Chitosans of different properties were chemically
modified to ensure high sensitivity toward lysozyme degrada-
tion and, at the same time, have efficient processability for
spray-drying. The chitosan starting materials were charac-
terized, modified by N-acetylation, and labeled using reactive
black 5. The spray-dried enzyme substrate offered a second-
generation substrate for the detection of lysozyme, greatly
accelerating the visual response of in vitro infection detection.

■ MATERIALS AND METHODS
Materials. Crab chitosans 90/5 of Chionoecetes sp. (low molecular

weight; LMW) was purchased from Heppe Medical Chitosan GmbH;
chitosans from shrimp shells and from crab shells (80/20, medium
molecular weight; MMW) were purchased from Sigma-Aldrich. All
other chemicals were of analytical grade from Sigma-Aldrich and used
as received, if not otherwise stated.

Size Exclusion Chromatography (SEC) Characterization of
Chitosans. Purchased chitosans (crab LMW, shrimp and crab
MMW) were characterized regarding the number-average molecular
weight (Mn), the weight-average molecular weight (Mw), and the
polydispersity (PD) via size exclusion chromatography. Samples were
dissolved in a mixture of acetate buffer with 0.15 M acetic acid, 0.1 M
sodium acetate, and 0.4 mM sodium azide in ultrapure water (mobile
phase) to a final concentration of 1.0 mg/mL. An Agilent 1100 Series
chromatography system (Agilent Technologies) equipped with an
Agilent 1200 G1362A refractive index detector (Agilent Technolo-
gies) and a TSKgel G5000PWxl column (Tosoh Bioscience,
Montgomeryville, PA) was used for the analysis. System calibration
was performed using a pullulan standard (Fluka) in the 342 Da to 800
kDa range. The injection volume was 100 μL and the mobile phase
flow rate 0.3 mL/min at 21 °C.

Synthesis of N-Acetylated Chitosans. N-Acetylation of
chitosans (crab LMW, shrimp and crab MMW) was performed
according the procedure of Tegl et al.19 Briefly, the chitosans were
dissolved in 10% acetic acid to a final concentration of 1% w/v
followed by a 1:1 dilution in ethanol. The mixtures were then stirred
for 10 min at 21°C. Subsequently, acetic anhydride was added in the
concentrations of 0.50, 0.75, 1.00, and 1.25 mol equivalent. The
calculation was based on the glucosamine units of the polymers. The
mixtures were further stirred for 1 h, and the pH was adjusted to 8.0
using 1 M NaOH. N-Acetylated chitosans were then washed to a
neutral pH with ddH2O and lyophilized prior to use.

Nuclear Magnetic Resonance Spectroscopy (NMR). The
degree of acetylation (DA) was determined by using 1H nuclear
magnetic resonance on a Bruker Avance II 400 spectrometer, with a
resonance frequency for 1H of 400.13 MHz. The system was equipped
with a 5 mm observe broadband probe head with z-gradients. Samples
were dissolved in a mixture of D2O and 1% acetic acid-D4, if not
otherwise specified. DAs were calculated using the integrals of the
proton peaks H2 of the deacetylated monomer and the three proton
peaks of the acetyl groups, according to the protocol published by
Tegl et al.19 (eq 1).
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Here, H2D is the integral of the H2 proton, and HAc is the
summation of integrals of the N-acetyl group.

Attenuated Total Reflection Fourier Transform Infrared
Spectroscopy (ATR-FTIR). N-Acetylated chitosan samples were
analyzed via Fourier transform infrared spectroscopy in attenuated
reflection mode (ATR-FTIR) using a Spectrum 100 PerkinElmer
FTIR spectrometer (Waltham, MA). Spectra were normalized
between 950 and 1050 cm−1, baseline-corrected, and compared
with spectra of untreated chitosans. The amide I band at 1640 cm−1

and the amide II band at 1560 cm−1 were considered for the analysis
of the DA.19

Preparation of Chitosan Substrates. Chitosan substrates for
further spray-drying were produced by covalent staining of N-
acetylated chitosans with reactive black 5 (RB5). Therefore, 100 mg
of N-acetylated chitosans was swollen in ultrapure water for 20 min.
Afterwards, a 0.5% (w/v) solution of RB5 in ultrapure water and a
solution of 2.5% (w/v) Na2SO4 and 1% (w/v) NaCO3 were added to
the swollen chitosans. The solution was incubated for 10 min at 21°C,
followed by 1 h at 65 °C. After incubation, the samples were
centrifuged and rinsed with ultrapure water to remove unbound stain.
Samples were lyophilized and stored until further use.

Spray-Drying of Chitosan Substrates. Spray-drying was
performed with a Büchi Mini spray-dryer B-290. First, aqueous
solutions of the modified chitosan substrates were prepared. The
solvent was 1 wt % acetic acid solution in water. The 0.5 wt %
chitosan substrate solutions were prepared in the acidic solvent. The
chitosan solution was stirred until a clear solution was obtained. The
solutions were filtered through a 5 μm filter before spray-drying. The
chitosan solution was then sprayed in the spray-dryer with pump
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setting 10 (3.3 mL/min). The solution droplets were dried to form
particles under the following conditions. A nitrogen flow of ∼0.1 L/s
passed through the drying column. The aspirator setting was 70% and
the pressure 50 mbar. The inlet temperature of the gas flow was
205°C. Chitosans powder particles were produced with a yield of
∼59%.
Scanning Electron Microscopy (SEM). The surface morphology

of N-acetylated chitosan flakes and spray-dried N-acetylated chitosan
particles was determined using SEM. All images were acquired by
collecting secondary electrons on a Hitachi 3030TM instrument
(Metrohm INULA GmbH) working at energy-dispersive X-ray
spectrometry (EDX) acceleration voltage. For the comparison of
dynamic-light-scattering-based (DLS-based) size distribution with
obtained SEM results, the pictures were further processed by the use
of ImageJ software for particles smaller than 3 μm to investigate the
nanofraction of the samples.24 The obtained data on size were
processed using ImageJ software24 to calculate the relative frequencies
of the sub-micro-sized particles and the microfraction of stained N-
acetylated chitosan particles.
Laser Doppler Velocimetry (LDV). Laser Doppler velocimetry

(LDV) was used to determine the electrophoretic mobility and
calculate the ζ potential (ζ) of spray-dried chitosan particles using the
Henry equation:25

U
f2 (Ka)
3E

εζ
η

=
(2)

Here, ζ is the ζ potential (mV), UE the electrophoretic mobility
(m2/(s V)), H the viscosity (Pa s), ε the dielectric constant (F/m),
and f(Ka) Henry’s function.
For data evaluation, the Smoluchowski approximation26 was used,

whereby f(Ka) is defined as 1.5. Therefore, ζ of chitosan particles was
measured using Malvern Zetasizer Nano ZS (Malvern Instruments
GmbH, Germany), with a 15× dilution in 1× PBS buffer, in artificial
wound fluid (AWF), human serum albumin 2% w/v, sodium chloride
111.5 mM, sodium hydrogen carbonate 17.5 mM, sodium lactate 11
mM, glucose 1.2 mM, calcium chloride 2.2 mM, magnesium chloride
0.9 mM, urea 9 mM, and potassium chloride 4.4 mM, pH 7.2 with an
average lysozyme activity of 83.33 μkat/mg and in 1:10 diluted
wound fluids (WF) in 0.9% NaCl solution. For each sample three
measurements with a minimum of 20 runs were averaged, and for
each measurement the optimum attenuator position and number of
runs were optimized automatically. Outliers were tested using a
modified Thompson τ test and excluded from results.
Dynamic Light Scattering (DLS). Hydrodynamic radius (RH)

was measured using dynamic light scattering (DLS) performed with a
Wyatt DynaPro NanoStar detector (Wyatt Technology Europe).
Measurements were performed in disposable cuvettes with diluted
spray-dried chitosan particle samples in 66 mM potassium phosphate

buffer pH 6.2. Samples were measured three times with 20
acquisitions and 2 s acquisition time for each measurement. Obtained
results were statistically tested for outliers using a modified Thomson
τ test and averaged.

Confocal Laser Scanning Microscopy (CLSM). Staining
efficiency was determined by the visualization of the dye distribution
using a FV1000 Fluoview (Olympus) confocal laser scanning
microscope equipped with an UPLSAPO 60× W aperture objective
(Olympus). For fluorescent imaging of stained chitosan substrates
and spray-dried particles a laser light wavelength of 405 nm (λem
426−526 nm) was used. The signal/noise ratio of each individual
channel, sample and field of view, the laser intensity, the photo-
multiplier gain, as well as the offset were optimized for each sample
individually. Pictures of each sample were taken from the fluorescent
(F) and the bright field (BF) microscopy channel, additionally to the
corresponding overlay (OVL). The obtained data on particle size
were evaluated using ImageJ software.24

Lysozyme Activity Assay. The determination of lysozyme
activity was based on the method of Shugar et al.27 Therefore, cells
of Micrococcus lysodeikticus were suspended in 66 mM potassium
phosphate buffer pH 6.2 to obtain a final concentration of 0.01% (w/
v). For UV/vis spectroscopy analyses, 290 μL of bacteria suspension
was mixed with lysozyme solutions of different concentrations (0.1,
0.05, 0.01, 0.0075, 0.005, 0.0025, 0.001 mg/mL), and the increasing
transparency was measured at 450 nm using a Tecan Infinite 200 Pro
plate reader (Tecan Trading AG) for 10 min at 25 °C. For
calculations of the enzyme activity one unit of lysozyme was defined
to decrease the absorbance at 450 nm by 0.001 per minute at pH 7.0.

Wound Fluid (WF) Activity Assay. The activity of wound
fluids19 was measured with the same method as lysozyme activity.
Used WFs (A and B) were tested, whereby WFA clinically described
as noninfected15,16 had low lysozyme activity and was chosen as
negative control. The permission for wound fluid collection and
scientific usage was obtained from Medisch Ethische ToetsingCom-
missie Twente (Netherlands, Enschede) under the statement number
METC/14213.haa.

Enzyme-Responsive Degradation Studies of Chitosan-
Based Substrates. Produced chitosan substrates with covalently
bound RB5 as well as spray-dried and stained chitosan particles were
tested regarding lysozyme-responsive color release. Therefore, 2 mg of
each sample was suspended in 0.5 mL of 1 mg/mL lysozyme solution
with an average activity of 83.333 μkat/mg in 66 mM potassium
phosphate buffer pH 6.2, in AWF or in 1:10 diluted WF in 0.9% NaCl
solution. Experiments were performed in triplicates. After suspension,
samples were incubated for 24 h at 37 °C. Samples were taken after 0,
1, 2, 4, 6, and 24 h. As negative control either potassium phosphate
buffer, AF without lysozyme, or 1:10 diluted WFA were used
corresponding to the tested sample. For each time point samples were

Table 1. Experimental Overview of Tested Chitosansa

chitosan origin Mn [kDa]
b Mw [kDa]b PDb RB5 staining solubility SD lysozyme release RH [nm] DAc [%] ID

crab MMW 485.5 ± 3.7 1834.2 ± 203.5 3.78 ± 0.39 + − − − − 36 A
+ − − − − 37 B
+ − − − − 40 C
− − − − − n.d. D

shrimp 236.6 ± 4.5 835.4 ± 27.6 3.53 ± 0.05 + − − − − 36 E
+ − − − − 46 F
− − − − − n.d. G
− − − − − n.d. H

crab LMW 121.8 ± 7.0 370.5 ± 74.2 3.07 ± 0.81 + − − − − 37 I
+ + + + 612.5 ± 132.8 49 J
− − − − − 51 K
− − − − − n.d. L

aMn refers to the number-average molecular weight in kDa, Mw to weight-average molecular weight, PD to polydispersity, DA to the degree of
acetylation in %, RB5 staining to the staining with reactive black 5, SD to spray-drying, RH to the hydrodynamic radius in nm, ID to the sample ID,
and n.d. to not determined. ± values indicate the success of the performed experiments for the tested material. bCalculated via SEC using pullulan
standards. cCalculated via 1H NMR.
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centrifuged, and 200 μL of the supernatant was removed for UV/vis
measurements at 597 nm (absorbance maxima of RB5) using a Tecan
Infinite 200 Pro plate reader (Tecan Trading AG). After the
measurements, the aliquots were returned to the reaction mix for
further incubation.

■ RESULTS AND DISCUSSION
Lysozyme has been previously investigated as a potential
biomarker for the detection of wound infections.15,19 Strategies
involving peptidoglycan from bacterial cell walls as lysozyme
substrate showed limitations due to the risk of direct contact to
patient wounds potentially inducing immune responses.
Circumventing this bottleneck, detection systems based on
chitosans were previously published including composite
material wound dressings,28−30 hydrogels,31 and particles.32,19

However, there is a need for materials allowing a simple and
flexible integration into a variety of sensor systems. Hence, the
formulation of spray-dried N-acetylated chitosan particles was
hypothesized to further improve lysozyme-induced hydrolysis
of chitosan for the application in wound infection detection.
Hereby, spray-drying and the corresponding increase of the
surface area to volume ratio due to the formation of atomized
droplets and water evaporation is described as beneficial for
the increase in release properties of the material.33−35

Moreover, the higher surface area to volume ratio can facilitate
the contact and penetration with buffer, as previously reported
by Panyam et al.,36 or within this study with wound fluid.

Characterization of Raw Materials and N-Acetylation
Products. Native chitosans derived from crab (MMW and

Figure 1. ATR-FTIR spectra (normalized in the region 1025 cm−1 and baseline-corrected) of native crab LMW chitosans, and N-acetylated crab
LMW chitosans (sample J), whereby the increase in the absorbance of the amide stretching band is at 1640 cm−1 and the carbonyl stretching band
at 1540 cm−1.

Figure 2. Confocal laser scanning microscope images of RB5-stained N-acetylated crab LMW chitosan flakes of sample J of (A) the bright-field
channel, (B) the fluorescent channel (laser light wavelength of 405 nm, λem 426−526 nm), and (C) the corresponding overlay. Images of the RB5-
stained spray-dried N-acetylated chitosan particles JSD of (D) the bright-field channel, (E) the fluorescent channel (laser light wavelength of 405
nm, λem 426−526 nm), and (F) the corresponding overlay. Scale bar refers to 100 μm.
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LMW) and shrimp shells were investigated regarding their
molecular weights using SEC-MALLS. High deviations based
on the origin of the used chitosan were observed, ranging from
485.5 ± 3.7 kDa (crab MMW) over 236.69 ± 4.5 kDa
(shrimp) to 121.8 ± 7.0 kDa (crab LMW) for the number-
average molecular weights (Mn) (see the SI, Figure S1A)
(Table 1); the weight-average molecular weights (Mw) showed
comparable results (SI, Figure S1B). Similar polydispersity
values (SI, Figure S1C) were obtained for chitosans of all
tested origins.
The N-acetylated chitosans were analyzed by 1H NMR

(Table 1, Figure S2) and ATR-FTIR (Figure 1) showing
significant shifts in the amide carbonyl stretching band (1640
cm−1), the NH2

+ deformation band (1590 cm−1), and the
amide N−H stretching band (1540 cm−1) indicating successful
N-acetylation.

1H NMR spectra showed that N-acetylation with 1.0
(shrimp) and 1.25 (crab LMW, shrimp and crab MMW)
mol equiv of acetic anhydride was successful (Table 1);
however, the calculation of the DA was not possible because of
insoluble fractions of synthesis products during sample
preparation for 1H NMR. N-Acetylation using 0.50, 0.75, and
1.00 mol equiv resulted in DAs between 36% and 51%,
whereby the increase in applied acetic anhydride showed the
expected corresponding increase in DA values within one type
of chitosan. An impact of the chitosan’s origin on the DA could
not be determined when comparing the DA results for shrimp,
crab MMW, or crab LMW using equivalent amounts of acetic
anhydride. On the basis of these findings, all successfully
acetylated chitosans were used for further functionalization,
i.e., staining with RB5, for the optimization regarding early
wound infection detection and therefore for spray-drying and
lysozyme response.
N-Acetyl Chitosan Functionalization and Solubility

Studies. N-Acetylation of chitosans was previously described
to be a suitable method for the increase of the lysozyme
hydrolysis rate of this naturally derived biopolymer.37 N-
Acetylated chitosans were labeled with RB5 to allow a simple
visual detection of lysozyme activity based on the release of
stained fragments from the functionalized polymer. After
staining, N-acetylated chitosan substrates were tested for their
solubility and suitability for spray-drying (Table 1). For the
labeling process, reactive black 5 was chosen, a reactive
vinylsulfone dye forming a vinyl intermediate under basic
conditions, which subsequently reacts with a given nucleophile.
Using this approach, previous labeling studies using RB5
revealed the best results regarding leaching and homogeneity.19

Therefore, RB5 labeling was conducted, and the previous
published results could be confirmed within this study using
CLSM to investigate the homogeneity of dye saturation of the
N-acetyl chitosan substrates (Figure 2A−C). Images showed
flake-shaped structures of sample J before spray-drying,
whereby fluorescent images confirmed the homogeneous dye
distribution over the complete material. Despite the fact that
homogeneous staining was observed for all N-acetylated
chitosan samples, only sample J showed complete solubility
in 1 wt % acetic acid solution in water required for spray-
drying.
Enzyme Activity of Lysozyme and Wound Fluids. The

enzyme activity for lysozyme of hen egg white with 846.67
μkat/mg, noninfected (WFA) and infected (WFB) wound
fluids was tested using an enzyme activity assay based on the
method of Shugar et al.27 The obtained activities were

considerably different for lysozyme, noninfected 33.89 ±
5.36 μkat/mL WFA, and infected WFB 301.17 ± 5.53 μkat/mL
confirming the potential for infection detection.

Spray-Drying and Characterization of Product. Spray-
drying to microparticles is described as a complex process fully
controlling the mechanism of component radial distribution
during the drying process. Additionally, surface activity is seen
as a major driving factor for successful spray-drying, as it can
lead to preferential absorption of components on the droplet
surface which can cause a diffusional flux toward the surface.38

Accordingly, spray-drying of solubilized sample J was
performed, and the obtained spray-dried particles (JSD) were
characterized regarding particle size, surface potential and
aggregation behavior, morphology, and staining homogeneity.
The particle size was analyzed in potassium phosphate buffer

pH 6.2, mimicking the conditions of AWF and WF to a minor
degree, and showed an average hydrodynamic radius of 612.5
± 132.8 nm, indicating that a submicron fraction is present
(Figure 3). However, RB5-stained spray-dried particles (JSD)

showed a large microfraction (Figure 4); DLS measurements
are limited to a submicron range. Therefore, size information
was additionally obtained by SEM and CLSM analysis.
Additionally, the intense blue color of JSD particles acts as a
limiting factor for DLS experiments resulting in high standard
deviations.
The intensity distribution of JSD revealed a polydisperse

behavior, whereby a larger particle species dominates the
distribution, as two significant different particle species can be
observed (species 1 RH about 4 nm; species 2 RH about 200
nm) in Figure 3. However, SEM (Figure 4) and CLSM images
(Figure 2) showed no agglomeration or aggregation of the
particles.
SEM images showed sample heterogeneity with particle sizes

ranging between 244.6 nm and 4.38 μm, which supports the
DLS data regarding the presence of a submicron fraction, as
well as structural information. Microscopy-based particle size
was evaluated separately for the submicron and the micro-
fraction (Figure 5) of JSD particles. The calculated average
particle radius was 617.8 ± 194.0 nm; however, particles with
sizes smaller than 200 nm could not be observed because of
occurring image resolution limits and corresponding blur at
higher magnifications caused by instrument limitations of the
SEM instrument used. Further higher magnifications and
therefore higher energies negatively affected sample stability
leading to significant particle destruction; as a result images
were obtained at magnifications of 100×, 1000×, and 2000×.
In direct comparison obtained SEM- and DLS-based radii
showed significant comparability, further supported by the

Figure 3. Intensity distribution obtained via dynamic light scattering
of spray-dried N-acetylated crab LMW chitosans (JSD) measured in 66
mM potassium phosphate buffer pH 6.2 showing two significant
different particle species: species 1 RH about 4 nm; species 2 RH about
200 nm.
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displayed intensity distribution (Figure 3) and the relative
frequency distribution (Figure 5). In general, the presence of
the submicron fraction is seen as highly benefiting because of
the increased surface area when compared to the same volume
of the materials. This effect was previously described by Biener
et al.39 and leads to a hypothesized enhanced reaction
possibility due to the elevated potential for lysozyme to
interact with the presented N-acetylated chitosan particle
surface compared to the significant smaller surface of
microparticles of the same volume. Therefore, the application
of JSD particles in future in vitro test systems should offer rapid
infection detection due to the enhanced reaction possibility
and hence reaction velocity.
JSD particles were spherically shaped with porous fracture

surfaces showing significant topologies. Porous fracture
surfaces of the particles are hypothesized to lead to an
enhanced lysozyme-responsive release of RB5 due to the

increased contact area for lysozyme attack based on the
increase of the surface area to volume ratio compared to N-
acetylated chitosan flakes before spray-drying.36,38 Therefore,
stain distribution was further investigated after spray-drying by
using CLSM (Figure 2). Compared to the homogeneous
staining before spray-drying, JSD particles showed a highly
homogeneous labeling, whereby surface topology impacts
where visible. Additionally, ζ potential measurements were
performed analyzing the aggregation behavior and particle
stability (Figure 6).

A ζ potential (ζ) between +3.42 ± 0.12 and −11.11 ± 2.09
mV was obtained, highly influenced by the used solvent
(buffer, AWF, WFA, or WFB). ζ values between −10 and −20
mV are considered to refer to relatively stable particles.40

However, as previously discussed, no aggregation behavior
could be seen in SEM and CLSM studies (Figures 2 and 4).
Ionic-strength-induced changes from positive to negative ζ are
due to the compression of the electric double layer induced by
an increasing presence of ions.40 This effect can be clearly seen
comparing the ζ in potassium phosphate buffer pH 6.2 (+3.42
± 0.12 mV) and AWF (−6.14 ± 0.16 mV) or WF (WFA
−11.11 ± 2.09 mV; WFB −7.93 ± 1.35 mV). AWF has higher
ionic strength due to the composition compared to the
potassium phosphate buffer; however, compared to the values

Figure 4. Scanning electron microscopic images of RB5-stained N-acetylated crab LMW chitosan flakes of sample J with (A) 100×, (B) 1000×, and
(C) 2000× magnification and images of the RB5-stained N-acetylated crab LMW chitosan spray-dried particles of sample JSD with (D) 100×, (E)
1000×, and (F) 2000× magnification.

Figure 5. (A) Calculated relative frequency distribution based on
scanning electron microscopic images of RB5-stained spray-dried N-
acetylated chitosan particles (sample JSD) processed with ImageJ
software including the submicron and microfraction of the sample
(delimited with dotted line). (B) Obtained radii of RB5-stained spray-
dried N-acetylated chitosan particles (JSD) using DLS (hydrodynamic
radius in nm) and scanning electron microscopy (radius in nm) of the
submicron fraction.

Figure 6. ζ potential of spray-dried N-acetylated crab LMW chitosan
particle sample JSD measured in 66 mM potassium phosphate buffer
pH 6.2, artificial wound fluid with a lysozyme activity of 83.33 μkat/
mg, and wound fluid with low (WFA, 33.89 ± 5.36 μkat/mL) and
high (WFB, 301.17 ± 5.53 μkat/mL) lysozyme activity.
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measured in WF, the ionic strength of infected WFB is lower
than that of noninfected WFA. This effect can be caused by the
high activity of lysozyme and other enzymes (MPO, HNE)
present in infected WF and the enzyme surface charges,41

which show a significant impact on the ionic strength.42 This
theory is supported by the comparison of the AWF (lysozyme
activity of 83.33 μkat/mg) with noninfected WFA (lysozyme
activity of 33.89 ± 5.36 μkat/mL), whereby the higher
lysozyme activity in AWF also possibly leads to a decrease in
the ζ compared to WFA. Furthermore, for later applications as
an infection detection system, negative ζ values are seen as
beneficial regarding the reduction of possible arterial clogging
induced by direct wound contact in case of mishandling, which
was recently reported by Honary and Zahir43 and Sonavane et
al.44

Lysozyme Detection. On the basis of the aimed approach
applying JSD particles for early-stage wound infection detection,
the lysozyme-mediated release of RB5-stained fragments was
investigated in potassium phosphate buffer pH 6.2, AWF, and
infected WFB (Figure 7). Despite slightly faster hydrolysis at
pH 5 compared to pH 6.2 which was previously reported using
N-acetylated shrimp chitosans,19 HMC-based JSD particles
showed complete dissolution in pH 6.2 after 24 h of
incubation.
In general, spray-drying increased the release behavior for all

tested solvents, whereby maximum RB5 release was observed
after incubation of JSD particles in 66 mM potassium phosphate
buffer pH 6.2 with a lysozyme activity of 83.33 μkat/mg.
Enhanced lysozyme-mediated release of RB5 from JSD particles
might result from the increased surface area. The increase of
the surface/volume ratio can be associated with the facilitation
of buffer contact and penetration into the particles.
Furthermore, faster diffusion of monomers and oligomers
out of the particles is simultaneously enhanced, which can be
compared to results previously reported by Panyam et al. for

spray-dried poly(lactic-co-glycolic) acid particles.36 On the
other hand, the random distribution of the N-acetyl groups
could provide a substantial amount of lysozyme-binding
sites.45 Lysozyme-responsive release in AWF and WFB showed
comparable results, whereas the release of stained chitosan was
decreased incubating in lysozyme containing potassium
phosphate buffer pH 6.2. These data correlate to the results
of laser Doppler velocimetry, since the ζ showed a significant
impact on lysozyme-binding. The reduced ionic strength due
to the possible attachment of ions on the enzyme surface, e.g.,
in the case of AWF chloride or lactate, is hypothesized to
reduce the binding properties, which leads to a decrease in
released RB5 from JSD particles. Nonetheless, the release
studies tested in WF of infected wounds led to positive results
regarding the enhancement of fast lysozyme-mediated release
using the spray-drying particles, showing a 5-fold increase
compared to our previous studies.19 Therefore, the application
in a rapid in vitro standalone infection detection approach is
seen as promising, offering fast detection without direct wound
contact of the material.

■ CONCLUSIONS

In this study, chitosans of different physicochemical properties
were chemically functionalized and tested upon their suitability
for particle formation by spray-drying. Reactive black-5-stained
crab LMW N-acetyl chitosan substrates were successfully
spray-dried, and the obtained particles showed an average
hydrodynamic radius of 612.5 ± 132.8 nm, indicating that a
submicron fraction is present. The ζ potential and surface
charge were investigated in relation to later applications as an
infection detection system for wound infections, whereby the
negative ZP indicated a high biocompatibility. Furthermore,
aggregation behavior and surface structure were analyzed
revealing spherical-shaped particles with explicit surface
topologies. The obtained increased surface area to volume

Figure 7. Lysozyme-responsive release of RB5 from stained N-acetylated crab LMW chitosan sample J before and after spray-drying (JSD). (A)
Increase of absorbance [a.u.] at 597 nm over an incubation time of 24 h in 66 mM potassium phosphate buffer pH 6.2 with a concentration of 1
mg/mL lysozyme (83.33 μkat/mg). (B) Increase of absorbance [a.u.] at 597 nm over an incubation time of 24 h in artificial wound fluid with a
concentration of 1 mg/mL lysozyme (83.33 μkat/mg). (C) Release profile displayed as increase of absorbance [a.u.] over time [h] at 597 nm in
positive wound fluid (WFB) with an activity of 301.17 ± 5.53 μkat/mL.
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ratio correlated to the results of the in vitro release studies.
Hereby, spray-dried N-acetyl chitosan particles showed a 5
times faster lysozyme-mediated release of reactive black 5. On
the basis of the results, this approach showed the potential for
the application of spray-dried N-acetyl chitosan particles for
wound-fluid-based in vitro early infection detection. The spray-
dried lysozyme substrate greatly improved the stability of the
detection material, thus facilitating its integration in different
infection detection systems such as rapid in vitro standalone
devices without direct patient contact.
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