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Oral candidiasis (OC), caused by the fungal pathogen Candida albicans, is the most common opportunistic infection in HIV�

individuals and other immunocompromised populations. The dramatic increase in resistance to common antifungals has em-
phasized the importance of identifying unconventional therapeutic options. Antimicrobial peptides have emerged as promising
candidates for therapeutic intervention due to their broad antimicrobial properties and lack of toxicity. Histatin-5 (Hst-5) spe-
cifically has exhibited potent anticandidal activity indicating its potential as an antifungal agent. To that end, the goal of this
study was to design a biocompatible hydrogel delivery system for Hst-5 application. The bioadhesive hydroxypropyl methylcel-
lulose (HPMC) hydrogel formulation was developed for topical oral application against OC. The new formulation was evaluated
in vitro for gel viscosity, Hst-5 release rate from the gel, and killing potency and, more importantly, was tested in vivo in our
mouse model of OC. The findings demonstrated a controlled sustained release of Hst-5 from the polymer and rapid killing abil-
ity. Based on viable C. albicans counts recovered from tongues of treated and untreated mice, three daily applications of the for-
mulation beginning 1 day postinfection with C. albicans were effective in protection against development of OC. Interestingly,
in some cases, Hst-5 was able to clear existing lesions as well as associated tissue inflammation. These findings were confirmed by
histopathology analysis of tongue tissue. Coupled with the lack of toxicity as well as anti-inflammatory and wound-healing prop-
erties of Hst-5, the findings from this study support the progression and commercial feasibility of using this compound as a
novel therapeutic agent.

The human fungal species Candida albicans is an opportunistic
pathogen commonly colonizing human mucosal surfaces as a

component of the normal microflora (1). However, when host
defenses are weakened or when there is a disruption in the host
environment, C. albicans can proliferate, causing an array of in-
fections ranging from mucosal to systemic that are often life
threatening (2–5). Oral candidiasis (OC), commonly known as
thrush, is the most prevalent manifestation of candidiasis and is
characterized by invasion of the mucosal tissue (6, 7). This condi-
tion is manifested as white lesions formed on the palate, buccal
mucosa, and tongue or oropharynx causing oropharyngeal candi-
diasis. In HIV� individuals, oropharyngeal candidiasis is consid-
ered an AIDS-defining illness, with 80 to 90% of these individuals
suffering recurrent episodes during the course of their illness de-
spite HIV therapy (2, 3, 8).

C. albicans is a highly adaptable fungal species, and its ability to
transition from commensal to pathogen is primarily the result of
its ability to morphologically switch between yeast and filamen-
tous hyphal forms (1). In general, C. albicans infections are asso-
ciated with its ability to form biofilms on host tissue and abiotic
surfaces, where adhesion of yeast cells to the substrate is followed
by proliferation and hyphal formation (9). Where the yeast form is
associated with bloodstream and systemic disease, the hyphae are
more adept at penetrating tissue and are therefore responsible for
mucosal infections. Because of the high prevalence of candidiasis,
there is intense interest in developing new approaches to prevent
and treat this disease. Significantly, the increasing emergence of
strains of C. albicans resistant to commonly used antifungal agents
has made clinical management of candidiasis increasingly difficult

(3, 10). Therefore, it has become crucial to identify alternative
therapeutic agents.

Antimicrobial peptides (AMPs) are a group of natural com-
pounds that have attracted considerable attention as potential
therapeutic candidates for treatment of infections (11). An essen-
tial requirement for any antimicrobial agent is that it must have
selective toxicity for the microbial target, which is an important
feature of AMPs due to their preferential interaction with micro-
bial cells, which makes them nontoxic to mammalian cells (12–
15). Importantly, unlike conventional antimicrobials, AMPs do
not induce resistance due to the profound changes in membrane
structure warranted to confer the microbial cell resistance (12–
14). These properties, combined with their broad range of activity
and the short contact time required to induce killing, have led to
their consideration as excellent candidates for development as
novel pharmacologic agents (15).

Most notable among the antimicrobial peptides are the hist-
atins, a family of histidine-rich, cationic proteins produced and
secreted into saliva by human salivary glands considered to be an
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important part of host innate immunity (16, 17). In addition to
defense of the oral cavity against microorganisms, several studies
have also identified histatins as the prime agents that mediate the
wound-healing activity of human saliva (18, 19). Among the hist-
atins, histatin-5 (Hst-5) specifically, a 24-amino-acid peptide, has
exhibited potent activity against C. albicans and other fungal spe-
cies, including strains resistant to commonly used antifungal
agents, indicating a different antifungal mode of action (20, 21). In
addition, Hst-5 was also shown to exert a synergistic effect with
azoles and amphotericin B antifungal drugs, indicating a potential
use as a suitable candidate for combination therapy (22, 23).
Histatin-5 is believed to exert its anticandidal effect through bind-
ing to receptor proteins (Ssa1 and Ssa2) on the fungal cell mem-
brane (24). Once internalized, Hst-5 inhibits mitochondrial res-
piration, thus inducing the formation of reactive oxygen species
leading to mitochondrial and cytoplasmic membrane damage, ef-
flux of ATP, and cell death (25, 26).

Although Hst-5 has been shown to be efficacious on oral tissue
by us and others using ex vivo and in vivo mouse infection models
and its potential as an antifungal agent is appreciated, no studies
have attempted to design a biocompatible delivery system for its
application as a therapeutic agent (27, 28). For topical drug deliv-
ery, bioadhesive hydrogels are ideal as they can provide extended
release of therapeutic agents such as antimicrobials to the oral
mucosa. Hydrogels are three-dimensional polymer networks that
have unique properties that can be modified to design a delivery
system with the desired properties for treating infections (29–32).
In fact, in a recent study by Håkansson et al. (33), a synthetic
peptide, PXL150, with broad-spectrum antimicrobial activity, was
incorporated into a hydroxypropyl cellulose gel and successfully
used as topical treatment of infected wounds at surgical sites. Im-
portantly, oral gels have been also used in studies involving drug

administration via the buccal route (34, 35). To that end, in this
study, we aimed to develop a novel bioadhesive hydrogel formu-
lation of Hst-5 designed for topical oral application against OC.
The new formulation was evaluated in vitro for Hst-5 release rate,
stability, gel viscosity, and anticandidal activity; in addition, the
new formulation was tested in vivo using our mouse model of OC
(36).

MATERIALS AND METHODS
Strains, growth conditions, and reagents. The C. albicans standard strain
SC5314 was used in all experiments (37). The strain was grown on yeast
peptone dextrose agar and broth (YPD; Difco Laboratories) overnight at
30°C, and cells were equilibrated in fresh medium to an optical density of
absorbance at 600 nm (A600) of 1.0. Cells were harvested, washed with 1
mM phosphate-buffered saline (PBS), and then suspended in PBS. For
infection, C. albicans was used at a final cell density of 1 � 106 cells/ml.
Hst-5 peptide was synthesized by GenScript (Piscataway, NJ) with �98%
purity and reconstituted in 1 mM PBS. All experiments were performed
on at least three separate occasions.

Development and optimization of the bioadhesive hydrogel formu-
lation. Hydroxypropyl methylcellulose (HPMC) K100 Premium LV
(Dow Chemical, Midland, MI; donated by Colorcon Inc.) is a hydrophilic
gelling polymer commonly used in FDA-approved formulations. Specif-
ically, HPMC is widely used in the pharmaceutical industry for controlled
release of drugs (Fig. 1A). HPMC grade K100 was selected due to its
medium-length chain. An aqueous solution of Hst-5 was prepared by
dissolving the peptide in 1 mM PBS, and HPMC was added to the solution
at 4%, wt/wt, and was mixed until a clear gel solution formed. Hst-5 was
incorporated at a final concentration of 2 mg/ml. Gels were stored at 4°C
and tested regularly for stability and in vitro antimicrobial activity. Vehicle
polymer with no Hst-5 incorporated was used as negative control in all
experiments.

Rheological evaluation of the HPMC gels. A cup and plate rheometer
(Brookfield DV III; Middleboro, MA) was used to measure the viscosity of

FIG 1 (A) Hydroxypropyl methylcellulose (HPMC). R � H, OCH3, or OCH2CH(OH)CH3. K100 has an OCH3 substitution of 19.0 to 24.0% and an
OCH2CH(OH)CH3 substitution of 4.0 to 12.0%. The chemical structure of HPMC has 6 R groups where substitutions could occur. The degree of substitution
is in part responsible for the viscosity and release rate of Hst-5 from the gel. (B and C) The vertical diffusion cell (B) and a cartoon illustrating the diffusion process
(C). A 100-�l aliquot of Hst-5 gel is placed on top of the Tuffryn membrane. A white wafer ring maintains a consistent surface area for diffusion. The glass disk
cover is placed on top of the donor wafer to maintain temperature and humidity conditions. As illustrated, Hst-5 slowly diffuses out of the gel and through the
cell and Tuffryn membrane and collects in the receiver compartment. Samples are collected from the receiver compartment for HPLC analysis at specified time
intervals to maintain sink conditions. A helical stirring system is used to create constant stirring action throughout the solution to prevent stagnant layers of
diffusant from occurring.
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HPMC K100 LV Premium gels at 25°C, 37°C, and 40°C. A method was
developed to measure the shear stress of the gel at different applied shear
rates, which ranged from 7.5 to 67.5 cm�1 with a 7.5-cm�1 step size. The
spindle was allowed to equilibrate at each shear rate for 1 min before the
shear stress was measured, and this process was repeated from 67.5 cm�1

to 7.5 cm�1 to determine if hysteresis existed. Since no hysteresis was
observed under these test conditions, we reported a single-point viscosity
obtained at the shear rate of 37.5 cm�1.

Evaluation of Hst-5 diffusion from the gel. A 7-ml vertical diffusion
cell (Hanson Research Corp., Chatsworth, CA) was used to study the in
vitro release of Hst-5 from the HPMC gel over time (Fig. 1B and C). The
cell is equipped with a helix mixer for continuous mixing throughout the
receiver solution. The arms of the glassware allow for sampling by dis-
placement, and the glassware is jacketed for temperature control. An HT-
450 Tuffryn membrane (P/N 66221; Pall Corporation, Timonium, MD)
was used as the membrane barrier between receiver and donor solutions.
This particular membrane is composed of hydrophilic polysulfone with a
pore size of 0.45 �m and a 25-mm diameter and exhibits low binding
affinity toward proteins. The membrane was washed in PBS buffer for
several hours prior to use. The circulating water bath (Polyscience, Niles,
IL) was set to 38°C to maintain the diffusion cells between 37 and 37.5°C,
and 1 mM PBS buffer was used as receiver solution. A 100-�l aliquot of the
Hst-5 gel was dispensed on the membrane with an automatic pipette, and
samples were taken at 0, 0.25, 0.5, 0.75, 1, and 2 h. At each sampling
interval, a 1-ml aliquot of fresh 1 mM PBS was added to the receiver
solution. The first 0.5-ml of receiver solution to be displaced was dis-
carded and the remainder 0.5 ml was collected for high-pressure liquid
chromatography (HPLC) analysis.

Hst-5 assay. Reverse-phase HPLC analysis was carried out using an
Acquity UPLC H-Class system with fluorescence detection (Waters
Corp., Milford, MA, USA) and an XBridge UPLC C18 column, 4.6 by 100
mm, 3.5-�m solid phase (Waters Corp., Milford, MA, USA). For this
gradient method, the two mobile-phase compositions were 0.065% (wt/
vol) trifluoroacetic acid (TFA) in water and 0.05% (wt/vol) TFA in aceto-
nitrile. Histatin-5 was eluted using a linear gradient whereby the aqueous
solution was varied from 95% to 35% over a 10-min interval and then
from 35% to 5% over a 2.5-min interval. Finally, the mobile phase was
brought back to its original composition by varying the aqueous solution
from 5% to 95% over a 3.5-min interval followed by column equilibration
for 5 min at a flow rate of 1 ml/min. For the fluorescence assay, excitation
was at a wavelength (�ex) of 230 nm, and detection was monitored at �em

of 315 nm. The injection volume was 15.0 �l, and retention time for Hst-5
was 3.48 min. The method was linear in the range of 0.5 to 5 �g/ml.

In vitro evaluation of the formulation for anticandidal potency. C.
albicans cells at various cell densities were added to 50 �l of the Hst-5
hydrogel in microcentrifuge tubes, and the tubes were incubated at 37°C
for 1 h. Following incubation, the reaction mixtures were emulsified in
PBS and serially diluted, and aliquots from reaction mixtures were inoc-
ulated on YPD agar and incubated for 24 h at 37°C. The single colonies on
each plate were counted, and killing was calculated based on CFU counts.
Controls were included whereby cells were added to the vehicle gel with
no Hst-5 incorporated. In order to demonstrate lack of toxicity of the
polymer on C. albicans, experiments were also performed in PBS. No
effect on C. albicans viability was noted for the polymer gel.

Animal studies. All animal experiments were conducted at the
AAALAAC accredited Animal Facility of the University of Maryland in
accordance with the USA Animal Welfare Act as regulated by USDA.
Animal studies were approved by the University of Maryland Animal Care
and Use Committee (IACUC Protocol number 0814012). This institution
has an Animal Welfare Assurance on file with the Office of Laboratory
Animal Welfare, NIH. The Assurance Number is A-3199-01. Three-
month-old pathogen-free female C57BL/6 mice (Charles River Laborato-
ries, Shrewsbury, MA) were used in these studies. Mice were housed at a
maximum of 5 per cage in the animal facility.

Infection model. The infection mouse model was performed in accor-
dance with an established model of OC with modification (38). The in-
fection and treatment timeline can be seen in Fig. 2A. As immunocompe-
tent mice are generally not colonized with C. albicans, mice were rendered
susceptible to candidiasis by subcutaneous administration (0.2 ml) of
cortisone acetate (200 mg/kg body weight) in the dorsum of the neck every
other day starting 1 day before infection (total, 3 injections). Animals were
divided into two groups with 5 mice in each group: one group was admin-
istered Hst-5 gel, and one group received a control gel. On the day of
infection, mice were anesthetized by intraperitoneal injections (0.5 ml) of
tribromoethanol (250 mg/kg body weight; Sigma-Aldrich). While under
anesthesia, animals were placed under a heating lamp maintained at 37°C.
Anesthetized animals were orally infected by placing calcium alginate
swabs (Fisher Scientific) saturated for 5 min with C. albicans (1 � 106

cells/ml) yeast cell suspension sublingually for 50 min (Fig. 2B). Animals
were placed in a supine position and monitored until they recovered from
the anesthesia. One day postinfection with C. albicans, animals were anes-
thetized, and 100 �l of Hst-5 or control gel was applied to the oral cavity,
covering the whole surface and sublingual areas. The same treatment was
administered on the subsequent 2 days for a total of 3 applications. Ani-
mals were monitored daily for any developing clinical signs of distress and
euthanized 4 days postinfection by CO2 inhalation followed by cervical

FIG 2 Timeline for infection and Hst-5 treatment. (A) Animals were orally infected with a C. albicans cell suspension using calcium alginate swabs placed
sublingually for 50 to 60 min. (B) One day prior to and following infection, the animals were immunosuppressed with cortisone acetate injections. One day
postinfection, 100 �l of gel (control or Hst-5) was topically applied to the oral cavities, covering the surface and sublingual area of the tongue for 50 to 60 min.
Animals similarly received daily applications for a total of 3 treatments and were euthanized 4 days postinfection, and tongues were harvested and processed.
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dislocation. Tongues were harvested, weighed, homogenized, and cul-
tured in triplicate on yeast chromogenic medium CHROMagar (DRG
International, Inc.). Plates were incubated for 24 h at 37°C, and viable cells
were enumerated and expressed as log CFU/gram tissue.

Tissue histopathology analyses. In order to visually assess fungal
presence and tissue invasion, some tongues were cut in half longitudi-
nally. Tongue tissue was fixed in paraformaldehyde, embedded in paraf-
fin, and sectioned, and sections were deparaffinized with xylene and
stained with periodic acid-Schiff (PAS). The whole periphery of each in-
fected tongue section was examined by light microscopy and evaluated
based on the presence and extent of adhering yeast cells and penetration of
the epithelium by invasive hyphae.

SEM of infected tongue tissue. Tongues from mice with OC were also
subjected to scanning electron microscopy (SEM) analysis for better vi-
sualization of hyphal tissue invasion. Tongues were fixed in 2% parafor-
maldehyde–2.5% glutaraldehyde and, following washing steps with PBS,
postfixed with 1% osmium tetroxide and then rinsed with PBS and dehy-
drated using a series of washes with ethyl alcohol (30 to 100%). Samples
were dried by critical point drying using an Autosamdri-810 (Tousimius),
mounted on aluminum stubs, and sputter coated with 10 to 20 nm of
platinum-palladium and imaged with a Quanta 200 scanning electron
microscope (FEI Co., Hillsboro, OR).

Data analysis. The database for statistical analysis was built up by
incremental addition of experimental data. In order to determine the
optimal variables and conditions (infectious doses, treatment protocol,
endpoint of infection, etc.) and standardize the model, initial experiments
were performed using small groups of animals. All in vitro analyses were
performed on at least 3 separate occasions, whereas animal experiments
were performed on 8 separate occasions in order to confidently establish
the therapeutic efficacy of Hst-5, and averages from all experiments were
used to present the data. All statistical analysis was performed using
GraphPad Prism 5.0 software. A Student unpaired t test was used to com-
pare differences between two samples. P values of 	0.05 were considered
to be significant and are marked with an asterisk in the figures.

RESULTS
Evaluation of Hst-5 release and formulation viscosity. In vitro
Hst-5 release testing from HPMC gel was performed using the
vertical diffusion cell and HPLC analysis as described above. The
percent release of Hst-5 from the gel was assessed at 37°C over a
2-h time period, which covers the duration of the animal treat-
ment protocol. Based on the cumulative percent release (Fig. 3A)
of Hst-5 from the HPMC gel, the profile indicated that Hst-5 was
released rapidly, with 19.10% 
 3.99% of the initial amount re-
leased within 15 min and 87.21% 
 20.38% released by 1 h with a
corresponding maximum concentration of drug in serum (Cmax)
of 8.27 
 2.74 �g/ml, showing a maximum concentration of 8
�g/ml to occur at 0.5 h (Fig. 3B). The fact that the majority of the
Hst-5 in the polymer was released within the first 1 h is crucial, as
this is the period of time that the mice were exposed to the gel
while under anesthesia. Further, the viscosity of the gel was eval-
uated at different physiological temperatures; results demon-
strated that the viscosity decreased with increasing temperature,
whereby at room temperature the gel exhibited a viscosity of
317.84 
 6.92 cP and at 37°C the viscosity decreased to 197.73 

0.76 cP (Fig. 3C).

In vitro evaluation of the formulation for anticandidal po-
tency. Based on CFU counts from killing assays following 1 h of
exposure of C. albicans to Hst-5 gel, a cell density-dependent kill-
ing effect was seen at all of the concentrations below 1 � 106

cells/ml compared to control polymer, indicating that the micro-
bicidal effect of Hst-5 is preserved in the polymer (Fig. 4). The
vehicle used in this study (HPMC gel) showed no effect by itself on

C. albicans compared to PBS. It is important to note that the for-
mulation was stored at 4°C and tested regularly for in vitro killing
potency to evaluate antimicrobial stability. Thus far, there has
been no indication of any deterioration of activity upon storage
for over at least a 9-month period.

Animal studies. To determine whether the Hst-5 hydrogel
protects the oral tissue from OC development, 4 days following
infection with C. albicans, mice were euthanized and tongues were
harvested for assessment of oral candidal burden. Findings dem-
onstrated that all infected control mice developed clinical OC,
whereby 1 day postinfection white lesions could be seen, which
rapidly progressed in time into overt candidiasis (white plaques)
on the tongues and other mucosal surfaces, including the pharynx
(Fig. 5A). In contrast, the majority of the treated mice did not
develop any clinical signs of infection, with no or minimal C.
albicans recovered from the tongues. Interestingly, however, in
several of the treated mice, although some white lesions could be
seen on the day treatment was initiated, upon subsequent treat-
ments the lesions disappeared, with low levels of C. albicans recov-

FIG 3 In vitro Hst-5 release testing from HPMC gel. Percent release of Hst-5
from the gel was assessed at 37°C using a vertical diffusion cell over a 2-h time
period, and evaluation of cumulative release of Hst-5 indicated that at 1 h, 85%
of Hst-5 is released from the gel (A) with a maximum concentration of 8 �g/ml
occurring at 0.5 h (B). (C) Assessment of viscosity of the Hst-5 gel at different
temperatures indicated that viscosity decreases with increasing temperature.

Kong et al.

884 aac.asm.org February 2016 Volume 60 Number 2Antimicrobial Agents and Chemotherapy

http://aac.asm.org


ered from these mice (Fig. 5B). Based on CFU counts, a high level
of C. albicans was recovered from all the untreated mice whereas
in the treated groups, no C. albicans was recovered from 19 of the
41 treated mice, with low-level recovery from 11 mice of the 41
(Fig. 6). In the remaining 11 mice, levels comparable to those from
untreated mice were recovered. Overall, the clinical pictures in

both groups of animals were consistent with the tissue culture
results.

Tissue histopathology analysis of tongue tissue. In addition
to assessing microbial burden, tissue harvested from animals was

FIG 4 In vitro killing assay. Based on CFU counts from killing assays fol-
lowing 1 h of exposure of C. albicans to Hst-5 gel, a cell density-dependent
killing effect was seen, with statistically significant killing activity observed at
cell densities below 1 � 106 cells/ml, indicating that the microbicidal effect of
Hst-5 is preserved in the polymer. The vehicle (HPMC alone) showed no
killing effect by itself on C. albicans compared to PBS. ns, not significant.

FIG 5 Effectiveness of the Hst-5 formulation against OC progression. Infected animals were administered topical applications of Hst-5 or control gels daily beginning
1 day postinfection for a total of 3 applications. (A) All untreated mice developed white lesions, which rapidly progressed into overt candidiasis (white plaques) covering
the tongue and other mucosal surfaces. In contrast, the majority of the treated mice did not develop any clinical signs of infection. (B) However, in some of the treated
mice, although some white lesions developed, upon subsequent treatments the lesions seemed to disappear and underlying tissue appeared normal.

FIG 6 Recovery of C. albicans from homogenized tongue tissue from treated and
control mice adjusted per gram tissue. In order to assess the fungal burden on
infected tissue from treated and untreated animals, tongues were homogenized
and cultured. Based on CFU counts, a high level of C. albicans was recovered from
all the untreated mice whereas in the treated group, no C. albicans was recovered
from 19 of the 41 treated mice, with low-level recovery of C. albicans from 11 of
the 41 treated mice. In the remaining treated 11 mice, levels comparable to those
from untreated mice were recovered. Data shown are the averages of data sets from
experiments performed on 8 separate occasions.
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also processed for histopathology. Microscopic analysis of PAS-
stained tissue sections revealed extensive fungal adherence and
hyphal penetration of the epithelial tissue in all the untreated
mice, covering the whole periphery of the tongue with hyphae
seen penetrating into the subepithelial tissue (Fig. 7A, right, and
B). On the other hand, no evidence of C. albicans presence or sign
of tissue damage was seen in the majority of the treated mice (Fig.
7A, left), although in a few of the treated mice, some C. albicans
cells were seen sporadically adhering to limited areas of the tongue
(Fig. 7C).

Scanning electron microscopy of infected tongue tissue. In
addition, some of the infected tongues from untreated animals
with OC were also subjected to SEM analysis. Consistent with
histopathology, SEM analysis revealed a thick matrix covering the
whole surface of the tongue of untreated mice, with C. albicans
hyphae seen penetrating the outer epithelial layer of the tongue
from the sublingual area where it was inoculated, leaving gaps in
the tissue at sites of emergence (Fig. 8).

DISCUSSION

The oral cavity is a primary target for opportunistic infections,
particularly candidiasis. Despite traditional antifungal therapy,
candidal infections are often reestablished soon after treatment
ceases. Therefore, with the increasing number of predisposed
populations coupled with the emergence of resistance to antifun-
gal agents, it has become crucial to identify alternative antifungal
agents. Specifically, the prospect of preventing C. albicans coloni-
zation and thus precluding candidiasis is becoming increasingly
attractive.

Antimicrobial peptides are being widely used as blueprints for
the development of innovative therapeutic agents that may be
used as antimicrobials or modifiers of inflammation or in cancer
therapy (11). Histatin-5 specifically is unique, as it is potent in
killing C. albicans, including strains resistant to common antifun-
gals, and importantly, does not induce resistance (14). Coupled
with its lack of toxicity, these properties make Hst-5 an ideal can-
didate as a therapeutic agent (16, 23, 27, 28).

With any antimicrobial, an MIC is needed at the site of infec-
tion for a sufficient period of time to have a therapeutic effect.
Therefore, to prevent OC development with Hst-5, a delivery sys-
tem that allows distribution of Hst-5 to all affected tissues for a
sufficient period of time to prevent infection is needed, and a
bioadhesive delivery system is one of the best ways to accomplish
this. For oral hydrogels, the principal performance criteria for
optimal response are the resident time of the gel on the oral mu-
cosa, the diffusion rate of Hst-5 out of the gel, and the stability of

FIG 7 Representative histopathology images of tongue tissue sections from infected treated and untreated mice. Half of the harvested tongues were fixed,
embedded in paraffin, and stained with PAS, and sections were examined by light microscopy. (A) Representative images of sections of tongues from control and
treated mice demonstrating the extensive presence of C. albicans around the periphery of the tongue along with hyphal invasion into the subepithelial tissue. (B)
Magnified images of tongue tissue of a control mouse with OC revealing the massive amounts of invading hyphae (arrows) with the marked presence of host
inflammatory cells. (C) Although no C. albicans was seen on the majority of the Hst-5-treated mice, some localized sporadic presence of C. albicans was seen in
few of the treated animals. Bar, 20 �m.

FIG 8 Representative scanning electron microscopy image of a tongue from a
mouse with oral candidiasis. Some sections of tongues from untreated mice
with oral candidiasis were fixed and processed for scanning electron micros-
copy analysis. An overview image of the surface of the tongue showing the
spiny layer with hyphae penetrating the tissue from the sublingual area where
C. albicans was inoculated through the tongue surface.
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Hst-5 in the gel, properties that are controlled by the formulation
composition (29). Hydrogel viscosity is a key factor in the rate of
Hst-5 diffusion and retention of the gel on the oral mucosa, and
therefore the gel composition needs to be optimized to meet all
these performance criteria. Based on these criteria, HPMC grade
K100 was selected due to its medium-length chain. This is impor-
tant, as higher-molecular-weight polymers are thought to not
bind effectively to the mucosa according to the interdiffusion the-
ory of polymer attachment, and low-molecular-weight polymers
would not be long enough for the polymer to entangle and control
the release of Hst-5 (39, 40). In our study, HPMC was used at 4%
concentration, as that level of viscosity was most suitable for ap-
plication on oral tissue. Upon comprehensive in vitro evaluations,
the Hst-5 formulation demonstrated potent killing activity against
C. albicans and, importantly, stability and retention of antimicro-
bial activity in saliva and upon prolonged storage at 4°C.

Of more significance, we demonstrated the gel’s efficacy in
inhibiting the proliferation of colonizing C. albicans in vivo,
thereby preventing the development of OC in mice receiving oral
treatment. It is important to mention that release-testing assays
monitoring the rate of Hst-5 diffusion from the polymer indicated
that the highest percentage of release occurs within the first hour
of testing. This was a crucial finding, as in our treatment protocol
the gel is applied to the tissue for approximately 1 h, which is the
period of time the mice are under anesthesia. Similarly, in the in
vitro killing assays, C. albicans was also exposed to the gel for only
1 h. Therefore, the observed efficacy of the formulation against C.
albicans within a short time frame supports the rapid and effective
diffusion of Hst-5 onto the exposed tissue. Note that the gels tested
in this study were optimized for our mouse model and the 1-h
treatment duration, but if these gels were to be used in humans,
the treatment duration would likely be longer and the gels would
have to be optimized for this longer duration of treatment; how-
ever, with all the flexible formulation parameters described above,
this can be readily done. In addition to efficacy, an important
aspect of evaluating a novel drug is adverse effect to the host.
Although Hst-5 is host produced and is known not to be toxic, in
preliminary studies we confirmed its lack of toxicity on tissue by
histopathological analyses for any signs of mucosal irritation prior
to initiation of studies; similar testing was done using the HPMC
polymer (data not shown).

Our previous studies have demonstrated that Hst-5 salivary
levels are significantly reduced in HIV� individuals concomitant
with enhanced prevalence of OC in this patient population (41).
Therefore, as a natural component of saliva, a therapeutic formu-
lation of Hst-5 will ensure that a sufficiently protective level of
Hst-5 is available in the oral cavity. Therefore, the availability of an
Hst-5-based bioadhesive hydrogel formulation would also serve
in prophylactically augmenting host natural mucosal defenses.
This would be of particular importance for HIV� individuals as
well as patients with salivary dysfunction such as those with
Sjögren’s syndrome or head and neck cancer receiving radiother-
apy, who are also predisposed to candidiasis. In addition, the el-
derly, infants, and patients who use inhaled corticosteroids for
asthma are also at increased risk of developing OC, and therefore,
these individuals would also benefit from the availability of the
formulation.

It is noteworthy to mention that in addition to antimicrobial
ability, Hst-5 was also shown to exhibit potent anti-inflammatory
and wound-healing properties (19, 42). Therefore, it was very in-

triguing that in some of our treated mice, although some lesions
were seen to develop early during infection, upon repeated appli-
cations of the Hst-5 gel, the lesions were resolved along with the
associated inflammation to the affected tissue. Although further
testing is warranted to explore the anti-inflammatory potential of
Hst-5, these observations strongly support the reported anti-in-
flammatory and wound-healing activity of Hst-5. These findings
are of significance, as in addition to antimicrobial effect, if an
infection prevents tissue regeneration at the site of injury, the
application of the hydrogel could accelerate the healing process by
allowing tissue cell attachment and infiltration. This would be
particularly useful in cases of Candida-associated denture stoma-
titis, a condition occurring in approximately 70% of denture
wearers characterized by chronic inflammation induced by C. al-
bicans infiltration of the denture-bearing mucosa (43, 44).

Further, it is important to note that histatins in general have
broad-spectrum antimicrobial properties and the formulation
could therefore prove effective against oral bacterial pathogens
such as those that cause periodontal and endodontic infections. In
fact, histatins have been shown to inactivate proteases, neutralize
toxins and lipopolysaccharides, and inhibit bacterial hemaggluti-
nation and coaggregation. Specifically, Porphyromonas gingivalis
is the most important periodontal pathogen, and lipopolysaccha-
rides from P. gingivalis have been shown to induce chemokines
and interleukin 6 (IL-6) and IL-8 from the cells of the periodon-
tium (45). However, recent studies demonstrated that synthetic
Hst-5 suppressed IL-6 and IL-8 induction in human gingival fi-
broblast cells and significantly attenuated chemokines, thereby
maintaining oral homeostasis and inflammation by downregulat-
ing host proinflammatory responses (18, 19, 42, 46).

In conclusion, although histatins have been acknowledged pri-
marily as antimicrobial peptides in the oral defense against micro-
organisms, they are now also considered to be crucial for oral
wound healing, tissue regeneration, and maintenance of the integ-
rity of the oral soft tissues. Therefore, the combined findings from
this study establish not only the experimental basis for the devel-
opment of Hst-5 into a therapeutic agent to target oral Candida
infections but also the associated inflammatory and tissue damage
processes.
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