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1. EXECUTIVE SUMMARY

Background: Treatment failures in chronic, combat-related maxillofacial and oral infections are
associated with multidrug-resistant biofilms that hinder the diffusion of antibiotics and block
host immune cell function via production of a dense extracellular matrix. A promising strategy
for treating biofilm-related infections is the use of enzymatic debridement agents to breakdown
the biofilm matrix. Widespread employment of these agents, however, is limited by the lack of
appropriate formulations to achieve controlled and sustained delivery.

Objective: Herein, the successful development of zinc oxide (ZnO) nanocarriers containing the
natural proteolytic debridement and biofilm dispersal agent papain is reported. ZnO
nanomaterials were selected as a delivery system for this study based on their biocompatibility
and pH-triggered degradation, which may provide localized drug release at acidic
microenvironments typically present within biofilms.

Methods: Papain-loaded ZnO nanoparticles (ZnO-Pap NPs) were synthesized using a protocol
adapted from a published sonochemical method. Size and morphology of the ZnO-Pap NPs were
characterized by dynamic light scattering (DLS) and scanning electron microscopy (SEM).
Incorporation of papain into the ZnO NPs was assessed via Fourier transform infrared
spectroscopy (FTIR) and assays for total protein content and protease activity. Stability of the
ZnO-Pap NPs was studied over 28 days using DLS and SEM. Dissolution of the ZnO-Pap NPs at
pH 5 and 6 was assessed over 24 h via spectrophotometry to confirm acid-induced degradation.
Results: Syntheses resulted in spherical ZnO-Pap NPs with dry diameters of 177 + 50.2 nm.
Loading of papain into the NPs was confirmed by the presence of protein functional groups
detected via FTIR. Total papain content was 168 + 7.85 pug/mg of NPs, and 41% of the protease
activity of the loaded papain was retained. After 7 days of storage at room temperature, the
particle size varied by >3 standard deviations beyond the mean particle size at day 2, indicating
instability of NPs in solution. However, SEM analyses indicated the NPs were structurally stable
for 28 days. During the first 1 h of dissolution testing, absorbance of the ZnO-Pap NPs decreased
by 74% at pH 5, 27% at pH 6, and 10% at pH 7, confirming acid-induced NP degradation.
Conclusions: Results show reproducible syntheses of ZnO-Pap NPs that were structurally stable
for 28 days and exhibited pH-triggered dissolution. Future work will focus on optimization of
NP storage conditions to improve dispersion stability, evaluation of strategies to increase papain

loading efficiency, and demonstration of ZnO-Pap NP efficacy against bacterial biofilms.



2. INTRODUCTION
Biofilms have a tremendous impact on human health due to their pervasive and recalcitrant

nature, which makes them extremely difficult and costly to remove from dental and medical
devices, contaminated surfaces in treatment facilities, and infected tissues [1, 2]. The ability of
biofilms to successfully survive in a vast range of environments is due to formation of a dense
extracellular matrix that serves as a barrier against mechanical and shear stress, chemical
disinfectants, host immune system attack, and antibiotics [2]. The dense matrix also creates a
milieu that induces drug tolerance in biofilm-associated bacteria, leading to a continued source of
microbe dissemination that causes recurrent infections [2]. Indeed, the most severe biofilm
infections may persist indefinitely if the infected regions are not effectively removed [3]. Due to
this notable persistence, biofilms play a critical role in the pathogenesis of chronic oral and
maxillofacial infections such as dental plaque, gingivitis, oral candidiasis, and skin and soft tissue
wound infections [4]. Chronic biofilm infections, therefore, have the potential to adversely affect
military readiness by complicating the recovery of combat-injured US military personnel and
significantly delaying return to duty [5].

Dispersion (detachment) of biofilms via use of enzymatic debridement agents is an attractive
approach for treatment of chronic infections because it is potentially effective against a broad range
of pathogens, may be less painful and more effective than mechanical dispersion, and can be
applied in outpatient dental and medical settings [6]. Enzymatic dispersal agents include proteases,
glycosidases, and deoxyribonucleases, all of which remove biofilms by degrading the proteins,
polysaccharides, and DNA that form the adhesive components of the matrix. These agents have
been used as an essential part of wound care because they remove necrotic tissue, enhance
penetration of therapeutic agents, and promote healing [7, 8]. Examples of conventional enzymatic
agents include papain/urea, collagenase, and DNase I/fibrolysin [4, 9]. Papain is a protein-
digesting, water soluble enzyme obtained from papaya fruit latex that has been proven effective in
debridement, as an anti-inflammatory, and for decreasing bioburden in topical wound healing
applications [10] and against in vitro bacterial biofilms [10, 11]. Our group recently demonstrated
that papain dispersed in vitro methicillin-resistant Staphylococcus aureus biofilms at
concentrations of 10 and 25 pg/mL, decreasing biomass by 94-98% after 24 h of treatment [11].
Despite its proven capabilities, the US Food and Drug Administration (FDA) has limited the use

of papain due to adverse effects observed in unapproved topical products and limited dosage



studies on the human body [12]. To overcome these concerns, it is imperative to develop novel
delivery formulations that can deliver papain to target locations and reduce its negative effects on
healthy host tissue while optimizing activity against pathogenic biofilms.

Drug delivery systems based on nanotechnology provide a promising strategy to control the
release of therapeutic agents and circumvent negative side effects to a patient’s healthy tissue. For
example, zinc oxide nanoparticles (ZnO NPs) have been engineered to facilitate localized delivery
of chemotherapeutics based on pH-triggered degradation in acidic microenvironments within cells,
resulting in controlled dissolution and drug release [13, 14]. This approach may provide enhanced
delivery of therapeutic agents, like papain, to acidic microenvironments within biofilms, such as
dental plaque.

In addition to acting as carriers, metal oxide NPs such as ZnO NPs [15] exhibit intrinsic
antimicrobial activity against planktonic bacteria [16]. ZnO NPs have shown significant
antibacterial properties against several multidrug-resistant bacteria including Pseudomonas
aeruginosa, Rothia dentocariosa, and Escherichia coli [17-19]. Resultantly, these NPs have been
incorporated into wound dressing fibers and used to prevent S. aureus infection and enhance
wound healing in vivo [20-22]. ZnO NPs are particularly attractive for treatment against bacteria
because they are inexpensive, easy to synthesize, and are described as “generally recognized as
safe” by the US FDA (21CFR182.8991) [23]. However, while ZnO NPs have shown potency
against a variety of planktonic gram-negative, gram-positive, and spore-forming bacteria, they
have limited effect against biofilm infections [24-26]. For example, McGuffie et al. [25]
demonstrated that colloidal suspensions of ZnO NPs caused a 95% reduction in S. aureus cell
viability, but scanning electron microscopy (SEM) imaging revealed remnant bacterial biofilms
existed after treatment.

To effectively address the challenges posed by biofilms, new approaches that leverage the
advantages presented by enzymatic dispersal agents and the attractive properties of ZnO NPs are
needed. In this study, papain-loaded ZnO NPs (ZnO-Pap) were synthesized following a procedure
adapted from Deng et al. [27], who reported the formation of hollow ZnO nanoshells by a facile,
template-free sonochemical process. This NP synthesis method was selected because of its
feasibility for synthesizing large quantities of particles at low temperatures, making it more
advantageous for encapsulating thermosensitive materials than other procedures that employ

elevated temperatures. Synthesized papain-loaded and unloaded ZnO NPs were characterized by



dynamic light scattering (DLS), x-ray diffraction (XRD), scanning electron microscopy (SEM),
ultraviolet-visible (UV-Vis) spectroscopy, and Fourier-transform infrared spectroscopy (FTIR) to
determine the optical and physical properties, amount and enzymatic activity of loaded papain,
stability under storage, and pH-dependent dissolution. These findings will aid in the development

of drug delivery systems for effective treatment and dispersion of biofilm-associated infections.

3. MATERIALS AND METHODS
3.1 Reagents and materials

Hexamethylenetetramine (HMT, ACS grade, > 99.0%), zinc nitrate hexahydrate (reagent
grade, 98%), papain from Carica papaya (> 3 U/mg), Na-benzoyl-L-arginine-7-amido-4-
methylcoumarin hydrochloride (MCA, > 99.0%), sodium phosphate dibasic (BioReagent grade, >
99.0% purity), ethylenediaminetetraacetic acid (EDTA, anhydrous, BioReagent grade), sodium
hydroxide (NaOH, reagent grade, > 98%), L-cysteine hydrochloride monohydrate (non-animal
sources, USP and EP testing specifications), and dimethyl sulfoxide (DMSO, molecular biology
grade) were purchased from Sigma Aldrich (St. Louis, MO). Nalgene high-speed 50-mL centrifuge
tubes and the Pierce BCA protein assay kit (Catalog No. 23225) were purchased from
ThermoFisher Scientific (Waltham, MA). Hydrochloric acid (HCI, TraceMetal™ grade, 34 — 37%)
was purchased from Fisher Scientific (Hampton, NH). Deionized (DI) water (18.2 MQscm™) was
obtained from a Millipore water purification system with a BioPak Ultrafilter.

3.2 Nanoparticle synthesis and dehydration

ZnO-Pap NPs were synthesized following a procedure adapted from Deng et al. [27]. In brief,
4.20 g of HMT were dissolved in 100 mL of DI water by vigorous stirring, and 50.0 mg of papain
were subsequently added. The mixture was continuously stirred for 5 min to ensure complete
dissolution. In a secondary beaker, 0.595 g of zinc nitrate hexahydrate was dissolved in 20 mL of
DI water under stirring. The zinc nitrate solution was gently added into the HMT-papain solution
and mixed for 3 min by vigorous stirring to ensure uniformity. This precursor mixture was
sonicated for 20 min at 50 W of output power using a probe sonicator (Qsonica 700 series,
Newtown, CT). ZnO NPs (no papain) were prepared in a similar fashion without the addition of
papain into the reaction. After sonication, the resulting milky white precipitate was collected in
four 50-mL tubes and centrifuged at 5,000 rpm for 30 min (Beckman Coulter Avanti JXN-30, JA-



12 rotor, Pasadena, CA) to recover the resultant NPs. Pelleted NPs were re-suspended in a
minimum volume of DI water using a sonicator probe bath, pooled into a single Nalgene centrifuge
tube, and centrifuged at 10,000 rpm for 5 min. The NPs were rinsed thrice by repeated re-
suspension of the pellet in DI water and centrifugation at 10,000 rpm for 5 min to ensure complete
removal of precursor materials. After the final rinse, NPs were re-suspended in 20 mL of DI water
using the sonicator probe bath. NPs were either stored in water (“as-synthesized”) at room
temperature or dried. To dry the NPs, the suspension was aliquoted into 1.5-mL Eppendorf tubes
and dehydrated in a Savant SpeedVac (ThermoFisher Scientific) at a vacuum rate of 40 torr/min
for 210 min with heating at 45°C for the first 150 min of the cycle. Dehydrated NPs were stored

in a desiccator at room temperature until use.

3.3 Size and surface charge characterization

Nanoparticle size and surface charge distribution were characterized using a Malvern Zetasizer
Nano-ZS (Westborough, MA). NPs were diluted 100-fold in DI water, particle size was measured
via DLS, and the surface charge (zeta potential) was measured via electrophoretic light scattering
techniques following protocols described in the Malvern user manual. Samples diluted in DI water
were added into clear disposable zeta cells and equilibrated to 25°C for 180 s prior to acquiring

size or zeta potential readings.

3.4 SEM analysis

SEM imaging was used for visualization of ZnO and ZnO-Pap NPs to confirm size and
morphology. Samples were prepared by drop-casting 20 pL of NP suspension on a glass substrate
and dehydrating samples under vacuum overnight. After mounting the glass onto a specimen stub
using carbon tape, samples were sputter-coated with a gold-palladium (50%-50%) target using a
Leica EM ACEG600 sputter coater (Buffalo Grove, IL) and imaged using a Sigma-VP40 field
emission scanning electron microscope (Carl Zeiss Inc., Jena, Germany) under high vacuum.
Images were acquired at a working distance of 5-8 mm with an energy differential of 2 kV and
magnifications up to 20,000x. SEM micrographs were used to visualize size and NP morphology
over time in samples stored dried or as a suspension in water. Dimensions of particles were

measured in pixels and converted to nanometers using the scale bars.
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3.5 FTIR analysis

Surface characterization via FTIR was used to determine papain incorporation into ZnO NPs.
Dehydrated NPs were placed on the universal attenuated total reflection accessory and scanned
from 650 to 4000 cm™ at a resolution of 2 cm™ using a Perkin Elmer Spectrum 400 spectrometer
(Waltham, MA). To obtain a good signal/noise ratio, 32 scans were collected and averaged.
Incorporation of papain was assessed based on comparison of FTIR absorption peaks present in
ZnO-Pap NPs and ZnO NPs.

3.6 XRD analysis

XRD patterns of ZnO and ZnO-Pap NPs were obtained using a Bruker D8 Discover x-ray
diffractometer (Billerica, MA). NP suspensions were prepared by 100-fold dilutions in DI water,
drop-casted on a silica zero diffraction plate, and dried in a vacuum desiccator. XRD patterns were
performed by Cu-Ka radiation with a A of 1.54 A, voltage of 40 keV, and tube current of 40 mA.
The scanning was conducted between 10.0° to 87.6° of 26 with a step-size of 0.02° and 90 s per

step.

3.7 Total protein quantification assay

The amount of papain in the NPs was determined using a Pierce BCA assay kit according to
the manufacturer’s protocol. Dehydrated ZnO-Pap and ZnO NPs (day 2 - day after synthesis) were
re-suspended at 2 mg/mL using 0.1 M HCI and allowed to digest for 24 h at 4°C. A stock solution
of papain (2 mg/mL) was freshly prepared in 0.1 M HCI and serially diluted into 9 standards (0,
25, 125, 250, 500, 750, 1000, 1500, and 2000 pg/mL). The working reagent was prepared by
mixing reagent A with reagent B from the kit at a 50:1 ratio. Samples were prepared by adding 25
ML of sample and 200 uL of the working reagent into a 96-well plate. The samples were briefly
mixed by shaking in a Tecan Spark 10M multimodal microplate reader (Durham, NC) and
incubated at 37°C for 30 min in the dark. Absorbance was measured at 562 nm, and the amount of
papain in each unknown sample was calculated in GraphPad Prism 6 software (Version 6.07, San
Diego, CA) using a standard curve.
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3.8 Enzymatic activity assay

Enzymatic activity of ZnO-Pap NPs was assessed following a procedure adapted from Pinto
et al. [28] using MCA as the substrate. A stock solution of 10 mM MCA was prepared in DMSO,
stored at -20°C, and thawed immediately before use. The buffer (250 mL) was prepared by
dissolving 365 mg of EDTA, 219 mg of L-cysteine hydrochloride monohydrate, and 3.54 g of
sodium phosphate dibasic in DI water under vigorous stirring and heating. MCA/buffer solution
was prepared by mixing 7 uL of MCA with 25 pL of cold (4°C) buffer for each sample well. All
the reagents were kept at 4°C or under ice during sample preparation, and the Tecan microplate
reader was pre-heated to 40°C. Papain standards (0.1, 0.2, 0.5, 1, 2, 5, and 10 pg/mL equivalent to
3x10, 6x10%, 1.5x103, 3x1073, 6x10°3, 0.015, and 0.03 U/mL) were prepared from a papain stock
solution (2 mg/mL or 15 U/mL in water), and dehydrated (day 2) NP samples were re-suspended
in DI water at 0.02, 0.2, and 2 mg/mL to ensure fluorescent readings would fall within the
calibration curve range. Into each well of a 96-well plate, 55 pL of buffer solution, 30 pL of
standard or NP suspension, and 30 uL of the pre-chilled, freshly diluted MCA/buffer solution were
sequentially added. Before measurement, sample plates were mixed by brief agitation. Fluorescent
intensity readings in relative fluorescent units (RFU) were acquired using 360/460 nm
excitation/emission wavelengths at 5 min intervals for 60 min. The scans were acquired with 30
flashes at a 40 ps integration time and optimal gain setting. The RFU data over time (min) was
used to calculate a slope (RFU/min) for each standard and NP sample using the linear regression
function in GraphPad Prism 6 software. The slopes in RFU/min for the standards were plotted
against known activity (U/mL) to generate a standard curve, which was then used to calculate

activity (U/mL) in the NP samples.

3.9 pH titration and NP dissolution

Dissolution of the NPs in acidic conditions was first evaluated over a wide pH range using a
Malvern Zetasizer Nano-ZS with multipurpose titrator (MPT-2). Dehydrated (day 2) NPs were re-
suspended at 2 mg/mL in DI water via water bath sonication (2 min) and diluted to 0.2 mg/mL in
5-mL working volumes. The pH probe was calibrated before each experiment using standards at
pH 4, 7, and 10. Titrations were performed starting from the native, unadjusted pH (pH ~ 7.4),
which was decreased in increments of 0.3 pH units (pH tolerance = 0.1) with auto-titrator injections

of 0.1 M HCI until pH 3 was attained. Particle size and zeta potential were determined at each
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increment. An aqueous papain solution (416.7 mg/mL) was spiked with 20 uL of 0.1 M NaOH to
increase the pH to ~ 8 and titrated as a control for comparison.

Subsequent dissolution experiments were conducted by re-suspending dehydrated (day 2) NPs
in DI water using a sonicator probe to 0.2 mg/mL. The pH of the NP samples was adjusted to 5 or
6 by dropwise additions of 1 M HCI or left unadjusted (~ pH 7.4; “neutral”) for use as controls. At
various time points over a 24-h period (t =0, 1, 2, 3, 5 and 24 h), the samples were sonicated for
2 min and 200-pL aliquots were removed for measurement of NP absorbance at 370 nm using a
BioTek Synergy H1 Hybrid Reader (Winooski, VT). Prior to data acquisition, samples were briefly
agitated (5 s, 365 rpm) in the plate reader to minimize NP settling.

3.10 Statistical analysis

Data are presented as the average * standard deviation unless otherwise stated. NP dissolution
data in Figure 7 were analyzed using GraphPad Prism software, in which one-way analysis of
variance and post hoc Tukey multiple comparison tests were employed to compare differences

between treatment groups. A value of p < 0.05 was considered statistically significant.

4. RESULTS AND DISCUSSION
4.1 NP physical and chemical property analysis

Multiple batches of ZnO and ZnO-Pap NPs were synthesized sonochemically and
characterized via DLS and SEM the day after synthesis (day 2) to determine particle size
distribution and morphology. Figure 1A portrays a representative DLS histogram of a single batch
of ZnO NPs with an average hydrodynamic particle size (Z-average) of 483 + 34.3 nm, a peak size
of 499 £ 47.6 nm, and a polydispersity index (PDI) of 0.224. The histogram showed the ZnO NPs
had a narrow size distribution with one prominent main peak and a secondary peak between 4 and
6 um that represents only 2% of the total peak area. The similarity of the Z-average and peak size
values and the low PDI value also indicated that the sample was monodispersed. Figure 1B shows
representative DLS data for a single ZnO-Pap NP batch with a Z-average of 524 + 52.8 nm, peak
size of 395 £ 60.0 nm, and PDI of 0.530. Though the histogram for the ZnO-Pap NPs shows only
one prominent peak and one minor peak, the high PDI value and disparity between the Z-average
and peak size values indicated that the size of these NPs were more broadly distributed than the

ZnO NPs and may have contained large aggregates (> 10,000 nm). Over 14 individual batches of
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ZnO NPs, the average hydrodynamic particle size was 429 + 86.8 nm with an average PDI of 0.264
+ 0.136. Conversely, 12 batches of ZnO-Pap particles had a mean Z-average of 563 + 147 nm with
an average PDI of 0.517 + 0.0756. Based on these analyses, it was evident that the inclusion of
papain into ZnO NPs widened the size distribution of the samples. These results suggest that papain
decreased the dispersion stability of the NPs or caused formation of aggregates during the synthesis
process.

To confirm the size and morphology of the NPs, SEM was used to analyze select samples. The
SEM images revealed that ZnO NPs were prolate spheroid, hollow shell structures comprised of
elongated ZnO platelets (Figure 1C). Analysis of the size of one batch of dehydrated NPs showed
an average width of 145 + 32.7 nm (N = 91) and length of 317 £ 41.9 nm (N = 23). The difference
in NP sizes obtained from DLS and SEM is likely due to the outer hydration layer surrounding
NPs in solution that is measured via DLS but is absent in the dehydrated NPs analyzed by SEM.
The ZnO NPs were similar in size to those reported by Deng et al. [27], which were approximately
500-nm hollow shells with a 400-nm interior. However, the particles synthesized by Deng et al.
were spherical unlike the elongated particles obtained in the current study (Figure 1C). This could
be due to differences in NP synthesis methodology between the two studies, such as reaction
volumes and the type of sonicator employed, that caused differences in reaction temperatures and
rates. The ZnO NPs from the current study were also similar in size to ZnO nanoshells synthesized
by Zhao and Qi [29] using a microwave assisted solvothermal method that ranged from 400 to
700 nm in diameter.

In contrast to results from the ZnO NPs, the SEM micrographs of ZnO-Pap NPs revealed that
the addition of papain into the reaction resulted in the formation of spherical NPs (Figure 1D).
The change in NP morphology caused by addition of papain could be due to the interactions
between the papain and ZnO surfaces as the particle forms. This is supported by the presence of
smoother surfaces on the ZnO-Pap NPs compared to the ZnO NPs when observed at higher image
magnifications (50,000x). The SEM micrographs from a single batch of ZnO-Pap NPs revealed
an average particle size of 177 + 50.2 nm (N = 74), which was consistent with the widthwise
dimensions of the ZnO NPs. The higher magnification (50,000%) images also showed that both
ZnO and ZnO-Pap NPs were comprised of two fused hemispheres with a hollow interior, which

was apparent in SEM images of fragmented NPs (Figures 1C and 1D insets). From these images,
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it was evident that the incorporation of papain did not adversely affect the formation or structural
integrity of the ZnO-Pap NPs.
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Figure 1. DLS and SEM characterization of ZnO and ZnO-Pap NPs. DLS size distribution
analyses of A) ZnO and B) ZnO-Pap NPs. C) ZnO NP micrographs captured at 10,000x (top left)
and 50,000x% (top right) magnification. D) ZnO-Pap NP micrographs captured at 10,000x (bottom
left) and 50,000% (bottom right) magnification. Images of fragmented NPs (insets) acquired at
50,000% magnification revealed hollow hemispherical NPs.

The structures of papain-loaded and unloaded NPs were subsequently analyzed by XRD.
Representative XRD patterns of the ZnO and ZnO-Pap NPs are shown in Figures 2A. The
diffraction patterns of the ZnO phase was observed at 20 = 30, 35, and 55.5° for ZnO and ZnO-
Pap NPs (Figure 2A). These patterns are characteristic of ZnO’s hexagonal wurtzite crystalline
structure as reported in the Joint Committee on Powder Diffraction Standards card 5-664 and peer-
reviewed literature [15, 27, 29, 30]. XRD analyses of ZnO-Pap NPs did not show any patterns for
papain, potentially due to the instrument’s limit of detection. Similar findings have been previously
reported in the literature, which also showed ZnO NPs did not display any notable peak changes
in XRD patterns upon drug loading [31]. It was also notable in the current study that incorporation

of papain did not appear to alter the crystal structure of ZnO, which may also be due to the small
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amount of papain in the NPs (Figure 2A). In addition, XRD patterns of reaction precursors, HMT
and zinc nitrate (Figure 2B), showed distinct phases which were absent in the resultant NPs

(Figure 2A). These results indicate effective removal of unreacted precursors from the purified

NP samples.
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Figure 2. XRD patterns of ZnO and ZnO-Pap NPs. A) XRD patterns of (i) ZnO NPs, (ii) ZnO-
Pap NPs, and (iii) papain. B) XRD patterns of the synthetic precursors (iv) HMT and (v) zinc
nitrate. Note that a.u. denotes arbitrary units.

The presence of papain in ZnO-Pap NPs was assessed by FTIR spectroscopy (Figure 3A). The
expected functional groups and respective wavenumbers associated with the presence of proteins
are presented in Table 1. The ZnO-Pap NP spectrum revealed bond vibrational and stretching
modes which are characteristic of amide groups: peaks at 3400 — 3500, 1660, and 1534 cm™ are
due to vibrational, symmetric and asymmetric stretching of N-H bonds; a peak at 1026 cm™* for C-
N bond stretching; and peaks at 1670 and 1820 cm™ for C=0 bond stretching. The spectrum further
revealed a peak shift at ~ 900 cm™ indicating the transformation of a metal hydroxide to a metal
bound carbon or nitrogen. Notably, the distinct peaks observed in the ZnO-Pap NP spectrum were
present in the papain only scan but absent in the ZnO NP spectrum, which confirmed successful
incorporation of papain (Figure 3A). Additionally, these FTIR patterns were consistent with those
reported in the literature for papain, ZnO, and drug-loaded ZnO NPs [30-32]. In agreement with
the XRD data, the ZnO NP and ZnO-Pap NP spectra did not exhibit all of the major peaks
associated with the presence of HMT or zinc nitrate precursors (Figure 3B), confirming that

purified NPs did not contain detectable amounts of unreacted precursors.
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Figure 3. FTIR spectra of ZnO and ZnO-Pap NPs. A) FTIR spectra of (i) ZnO NPs, (ii) ZnO-
Pap NPs and (iii) papain. B) FTIR spectra of the synthetic precursors (iv) HMT and (v) zinc nitrate.
Asterisks (*) in FTIR scans denote the peak differences between papain-loaded and unloaded ZnO

NPs attributed to the presence of papain in ZnO-Pap NP samples. Note that a.u. denotes arbitrary
units.

Table 1. Expected Functional Groups Observed in FTIR Spectra for Proteins

Functional Group Wavenumber (cm1)

Hydroxyl (O-H) 3500-3100

3500-3400,

Amine (N-H) 1600-1500,

1360-1080

Ether (C-0) 1300-1000

Carbonyl (C=0) 1820-1670
Alkane (C-C) 1200-800
Alkane (C-H) 900-650

4.2 Quantification of protein content and enzymatic activity

The amount of papain incorporated into ZnO-Pap NPs from three independent batches was
quantified using a colorimetric BCA protein kit to measure total protein and an enzymatic assay
with the fluorogenic substrate MCA to measure proteolytic activity. Analysis of total protein
revealed that 167.8 £ 7.85 g of papain was successfully loaded into each mg of ZnO-Pap NPs,
corresponding to an 81% loading efficiency (Table 2). The MCA enzymatic assay revealed 0.202
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+ 0.0310 U/mg, which translates to 68.0 pg of active papain per mg of loaded NPs. This
concentration corresponds to a 41% recovery of active papain in the system (Table 2). These
results indicate it may be possible, depending on the rate of release from the NPs, to achieve target
papain concentrations of at least 10 — 25 pg/mL (0.03 — 0.075 U/mL) that we previously found
were required for effective dispersal of in vitro bacterial biofilms [11]. Compared to other papain
carrier systems reported in the literature, the sonochemically synthesized NPs in the current study
encapsulated approximately twenty-fold less papain (amount of papain/mg of particles) than
microparticles (~ 50 — 600 um) synthesized by double emulsion solvent evaporation [33].
However, increasing particle size can significantly decrease encapsulation efficiency [33], and thus
further testing is required to determine the effect of increasing ZnO NP size on papain loading

efficiency.

Table 2. Total protein content and enzymatic activity of ZnO-Pap NPs (n=3 batches)

Protein Content Activity from Protein Content Percent Active
from BCA Analysis MCA Analysis from MCA Analysis Papain Present

pg/mg NP U/mg NP pg/mg NP %

167.8 +7.85 0.202 + 0.031 68.0 +10.4 41%

4.3 Dispersion and structural stability of ZnO and papain-loaded ZnO NPs during storage

Stability of a single batch of ZnO and ZnO-Pap NPs stored suspended in DI water or
dehydrated was assessed based on changes in Z-averages over time. The mean Z-average of day 2
dried NPs from multiple independent batches (n = 14 for ZnO NPs and n = 12 for ZnO-Pap NPs)
was considered the baseline condition for this set of experiments. Therefore, the average + 2
standard deviations of the Z-averages for all batches of day 2 dried ZnO or ZnO-Pap NPs was
calculated and used as a criterion to assess storage stability (see dotted and dashed lines in Figure
4A, B). ZnO NPs showed minimal size changes and the average size of the NPs remained within
2 standard deviations of the baseline Z-average throughout the 28 days of storage in both dried
and suspended samples (Figure 4A). In contrast, Z-averages of ZnO-Pap NPs increased by day 2
and varied by more than 2 standard deviations by day 3 and 4 for particles stored dried or in water,
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respectively (Figure 4B). These findings suggest ZnO-Pap NPs stored dried or in water were prone

to significant aggregation starting at day 2 after synthesis.
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Figure 4. Size distribution and stability of ZnO and ZnO-Pap NPs during 28 days of storage.
DLS analysis was used to assess the average size and corresponding polydispersity index (PDI) of
(A, B) ZnO NPs and (C, D) ZnO-Pap NPs stored as a suspension in water or dehydrated. Bars and
error bars represent the average * standard deviation from a single batch of ZnO or ZnO-Pap NPs.
Dotted and dashed lines in Z-average graphs (A, B) indicate the mean + 2 standard deviations of
Z-averages for day 2 dried particles from all 14 batches of ZnO NPs or 12 batches of ZnO-Pap
NPs. Dashed lines in PDI graphs (C, D) indicate the boundary of particle instability at PDI = 0.5.

The PDI of the NPs was also determined to further assess the amount of variance in NP size
during storage. ZnO NPs exhibited PDI values < 0.5 when stored dried or in water, which indicated
a narrow NP size distribution throughout the entire 28-day storage period (Figure 4C). In contrast,
ZnO-Pap NPs showed PDI values that increased to > 0.5 and stabilized at day 2 (Figure 4D),
which coincided with the presence of bi- or multimodal distributions on the size histograms (data
not shown). Therefore, the incorporation of papain into ZnO NPs resulted in particles that were
less stable and exhibited multimodal size ranges during storage. Based on these findings, optimal

conditions need to be determined to increase stability of the ZnO-Pap NPs against aggregation
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during storage. Overall, no consistent differences in Z-averages and PDI values were observed
during storage between dried NPs and NPs stored in water. However, due to papain’s susceptibility
to hydrolysis, dry storage conditions may be more suitable.

SEM micrographs were obtained to assess changes in structural morphology over 28 days of
storage. Morphology of the ZnO NPs (Figure 5, top panel) and papain-loaded ZnO NPs (Figure
5, bottom panel) showed no discernable changes over 28 days, suggesting that the NPs have a
robust structure. Although the DLS demonstrates that these particles are prone to aggregation, they

appear to be stable, individual entities.
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Figure 5. SEM micrographs of dehydrated ZnO and ZnO-Pap NPs showing time-course
stability over 28 days. Top panels show micrographs of ZnO NPs and bottom panels show
micrographs of ZnO-Pap NPs stored for 28 days. Images showed minimal structural changes in
NPs after this duration, suggesting structural stability. Images were obtained at 10,000 X and

50,000 x (image insets).

4.4 pH titration and acid-induced NP dissolution
The effect of pH on Z-average and surface charge of the NPs was assessed through titration

assays to determine pH values to use in subsequent studies of acid-induced NP dissolution.
Specifically, pH ranges corresponding to transitions in NP stability (zeta potential), sample color,
and NP size (Z-average) were of interest because these changes indicate NP dissolution may be
occurring. Titration data revealed that the average size of ZnO NPs at pH > 7 was 450 + 0.448 nm,

indicating good particle stability and size uniformity (Figure 6A). However, the Z-average
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increased to 1165 nm at pH 6.5, suggesting NP aggregation resulting from particle instability at
this pH below the zero charge point [34]. Particle size then decreased as the pH decreased below
6.5, and at pH 5, samples exhibited a rapid transition from a cloudy to colorless solution. This
indicated possible NP precipitation or dissolution or oxidation of zinc into its ionic form. The zeta
potential (surface charge) of ZnO NPs remained relatively constant from pH 7.3 to 5.3, but as pH
dropped below 5.3, zeta potential began to increase from -22 mV until it reached a maximum of
+22 mV at pH 3.1. Overall, the pH range of 5 to 6.5 was associated with notable transitions in
surface charge, size, and sample color for ZnO NPs.

Titration plots of ZnO-Pap NPs (Figure 6B) and papain alone (Figure 6C) exhibited similar
Z-average patterns, i.e., large Z-average values at a neutral pH of 7.3 that decreased rapidly as the
pH dropped to 6.1-6.2 and then decreased more slowly or stayed constant at pH < 6.1. This
similarity in Z-average patterns indicated the reduction in the hydrodynamic diameter of the ZnO-
Pap NPs at acidic pH values may be due, at least in part, to acid-induced changes in the protein
structure of papain on the NPs. It was also noted that the surface charge of papain increased by ~
7 mV from pH 7.4 to 4.6 (Figure 6C), suggesting the addition of protons (protonation) to papain
induced conformational changes that led to the decreases in hydrodynamic diameters of free papain
and the ZnO-Pap NPs. Therefore, optimizing the encapsulation of papain by modifying the
electrostatic charges could further stabilize the particles in the presence of water. In contrast to
free papain, the surface charge of the ZnO-Pap NPs (Figure 6B) showed a similar pattern as that
of the ZnO NPs, namely, minor changes in zeta potential from pH 7.3 to 5.3 followed by a more
rapid and continual increase as pH decreased from 5.3 to 3.1. Though the changes in the Z-average
for the ZnO-Pap NPs during the titration assay did not indicate a definite pH range for NP
dissolution, the results showed a transition in zeta potential occurred between pH 5 and 6. The
transitions in Z-average, zeta potential, and sample color between pH 5 and 6.5 for ZnO NPs and
in zeta potential at pH 5.3 for ZnO-Pap NPs indicated the pH ranges of NP instability. Thus, pH 5

and 6 were chosen for subsequent dissolution experiments.
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Figure 6. Titration plots showing pH-dependent particle size (black circles) and zeta
potential (red squares) of A) ZnO NPs, B) ZnO-Pap NPs, and C) papain only. Titration of
NPs was begun at native pH after suspension of NPs in DI water, and papain titration was begun
at pH 8 after addition of 0.1 M NaOH. pH was then decreased at intervals of 0.3 pH units by
addition of 0.1 M HCI.

Dissolution of ZnO and ZnO-Pap NPs at three different pH values (5, 6, and neutral (control;
~ 7.4)) was evaluated by monitoring absorbance of the NPs at 370 nm for up to 24 h. After 1 h of
incubation, the absorbance of ZnO NPs decreased from 1.6 to 0.27 (83% decrease) and 0.41 (74%
decline) at pH 5 and 6, respectively (Figure 7A), but remained constant at neutral pH, indicating
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rapid and significant acid-induced NP breakdown and dissolution. Similar to observations during
the pH titration, the ZnO NP samples appeared more translucent as the pH decreased and
eventually turned colorless at pH 5. The absorbance of ZnO NPs at neutral pH decreased from 1.6
at 0 h to 1.0 (35% reduction) at 24 h, which could be attributed to stirring of the sample (Figure
7A). The absorbance of ZnO-Pap NPs decreased from 0.10 to 0.026 (74% decline) at pH 5, 0.073
(27% decrease) at pH 6, and 0.090 (10% reduction) at neutral pH after 1 h of incubation (Figure
7B), suggesting acid-dependent rates of dissolution in these NPs. Additionally, it was observed
that ZnO-Pap NPs at pH 5 increased in absorbance from 3 to 24 h of incubation instead of
remaining constant or decreasing in absorbance as with ZnO NPs (Figure 7B). This phenomenon
could be due to the aggregation of free papain in solution after acidification [35]. Thus, the
presence of papain appears to affect the manner and the rate of ZnO dissolution in acidic pH
conditions, resulting in uneven and slower rates of dissolution compared to ZnO NPs. Overall,
these findings are in agreement with reports in the literature of dissolution of drug-loaded ZnO

NPs at pH 5 and 6, which show near instantaneous dissolution at pH 5 [31].
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Figure 7. Dissolution kinetics of ZnO and ZnO-Pap NPs in acidic solutions. Time-course
changes in absorbance of A) ZnO NPs and B) ZnO-Pap NPs at pH 5 (red squares), pH 6 (blue
triangles), or neutral pH (control, black circles). Solutions were incubated with stirring and
aliquoted at prescribed time-points for up to 24 h. Absorbance readings were acquired at A = 370
nm (n=6). Data are from one representative experiment with six replicate samples per condition.
Asterisks (*) indicate p < 0.05 compared to the control group at the associated time-point as
determined using one-way analysis of variance and post hoc Tukey tests.

23



5. CONCLUSION AND FUTURE WORK

Successful formation of hollow ZnO NPs was accomplished resulting in particles with a similar
size, but slightly different morphology than NPs reported by Deng et al. [27]. Papain was
successfully introduced into the structure of the ZnO nanoshells, as observed by the presence of
carboxylic acid and amine functional groups in the FTIR spectra. The amount of active papain
within ZnO-Pap NPs was comparable to that previously used by our group to effectively disperse
bacterial biofilms [11]. NP analyses also showed that papain altered the physical appearance but
had little influence on the surface chemistry (zeta potential) of ZnO NPs (Figure 6). In addition,
papain significantly increased aggregation but had no apparent effect on the structural integrity of
the NPs during 28 days of storage (Figure 5). Further analyses revealed no differences in
dispersion stability and structural integrity (Z-average, PDI, and morphology via SEM) over time
for dried NPs and particles stored in water; however, dried samples may be more advantageous for
promoting papain stability. Both ZnO and ZnO-Pap NP systems demonstrated acid-induced
dissolution at pH 5 and 6, but the optimal pH for NP dissolution was determined to be pH 5 based
on dissolution rate and transitions in NP color, size, and surface charge. The effect of pH on release
of active papain from the NPs, however, remains to be determined. Based on the results of this
study, future efforts will focus on optimization of particle stability during storage via use of
biocompatible capping agents, such as polyethylene glycol (PEG), to decrease NP aggregation and
aid in the stability and release of the papain. Future development will also involve optimization of
papain loading efficiency and investigation of papain release kinetics.

6. MILITARY SIGNIFICANCE

Biofilm contamination of wounds is problematic for the successful treatment of US military
personnel because it is associated with increased morbidity and mortality rates, higher economic
burden, and decreased military readiness. The development and implementation of ZnO
nanocarriers for the delivery of dispersal agents would provide a critical tool to enhance treatment
of chronic biofilm infections in military personnel. The current report provides a strong framework
for the development of a new therapeutic platform that can be incorporated into field deployable
wound dressings for the treatment and ultimate prevention of biofilm infections. The ability to

encapsulate an active dispersal agent and demonstrate pH-dependent dissolution indicates this
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nanocarrier system also shows promise for the delivery of active compounds to target sites in other

applications, such as treatment of dental caries or decontamination of abiotic surfaces.
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