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Injections with a hypodermic needle and syringe (HNS) are the current standard of care globally, but the use of needles is not
without limitation. While a plethora of needle-free injection devices exist, vaccine reformulation is costly and presents a barrier
to their widespread clinical application. To provide a simple, needle-free, and broad-spectrum protein antigen delivery platform,
we developed novel potassium-doped hydroxyapatite (K-Hap) microparticles with improved protein loading capabilities that
can provide sustained local antigen presentation and release. K-Hap showed increased protein adsorption over regular hydroxy-
apatite (P < 0.001), good structural retention of the model antigen (CRM197) with 1% decrease in �-helix content and no change
in �-sheet content upon adsorption, and sustained release in vitro. Needle-free intradermal powder inoculation with K-Hap–
CRM197 induced significantly higher IgG1 geometric mean titers (GMTs) than IgG2a GMTs in a BALB/c mouse model (P <
0.001) and induced IgG titer levels that were not different from the current clinical standard (P > 0.05), namely, alum-adsorbed
CRM197 by intramuscular (i.m.) delivery. The presented results suggest that K-Hap microparticles may be used as a novel needle-
free delivery vehicle for some protein antigens.

The number of immunizations rises annually with population
growth, vaccine availability, and sophistication of immuniza-

tion schedules. Consequently, the risk associated with needles as a
vector of infection is contributing to the global burden of disease
(1–3). Of the 16 billion therapeutic injections administered with
needles and syringes in 2004 globally, 800 million were prophy-
lactic inoculations, and approximately 30 million of the 16 billion
(or 0.19%) resulted in needlestick injuries, some of which have
transmitted blood-borne pathogens, such as HIV, hepatitis B, or
hepatitis C (4, 5).

While a plethora of needle-free inoculation devices exists, most
needle-free immunization technologies require the reformulation
of vaccines that are routinely administered with a hypodermic
needle and syringe (HNS) (6–8). In the case of protein antigens,
dry-powder manufacture for intradermal or mucosal delivery is
largely empirical and hence particularly costly, which presents a
barrier to the widespread use of needle-free inoculation (9–13).

Protein antigens are often poorly immunogenic and generally
require the addition of an adjuvant to elicit robust antibody re-
sponses (14, 15). Colloidal adjuvants, such as aluminum salts, are
routinely used to boost vaccine immunogenicity (16). However,
previous efforts to reformulate vaccines for use in needle-free in-
tradermal injection have linked aluminum salt coformulation
with an increased aggregate content and the denaturation of the
protein antigen after lyophilization or spray lyophilization (17–
21). Furthermore, alum has been reported to induce granuloma
formation when injected intradermally (22). While alum adjuvan-
tation is problematic in combination with lyophilization and der-
mal inoculation, a novel dermal delivery vehicle may not require
alum adjuvantation.

The potential use of calcium phosphate-based scaffolds as a
drug delivery vehicle has been extensively researched and is well
documented (23, 24). In particular, hydroxyapatite (Hap), a bio-
compatible mineral that is naturally found in bone and largely
comprises of calcium and phosphate, has been shown to strongly

adsorb proteins and to provide sustained release of the bioactive
molecule (25, 26). Recently, it was reported that a commercial
calcium phosphate adjuvant consisted of nanosized Hap needles
(27). Therefore, Hap has demonstrated its capability to act as a
drug and vaccine delivery substrate and has a documented track
record of biocompatibility and safety and may potentiate the im-
mune response to antigens.

Here, we investigate whether intradermal delivery of Hap mi-
croparticles can elicit antibody titers to the adsorbed CRM197 pro-
tein antigen, using the Venturi needle-free ballistic injection
device (28). The diphtheria toxin mutant CRM197 protein is a
58-kDa, two-subunit, nontoxic protein that is frequently used as a
polysaccharide carrier protein in commercial glycoconjugate
vaccines, but it is poorly immunogenic without adjuvantation
(29–31). To our knowledge, this is the first report of needle-free
ballistic intradermal immunization with CRM197 using Hap mi-
croparticles.

MATERIALS AND METHODS
K-Hap particle manufacture. Potassium-substituted hydroxyapatite (K-
Hap) microparticles were manufactured by molten salt synthesis. The
protocol was adapted from the method of Viswanath et al. (32). Briefly,
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pure Hap powder (Sigma-Aldrich, Dorset, United Kingdom) was ball
milled with potassium sulfate salt (Sigma-Aldrich, Dorset, United King-
dom) at a 1:6 ratio by weight. The blended powders were sintered in
a high-alumina crucible (Sigma-Aldrich, Dorset, United Kingdom) at
1,200°C for 3.5 h and cooled to room temperature at 5°C/min. Excess salt
was removed with hot deionized water.

Injection depth and dermal measurements. Female BALB/c mice (6
to 8 weeks old) were purchased from Harlan. All animals were maintained
under appropriate conditions at the Functional Genomics Facility at Ox-
ford University, United Kingdom, and animal procedures were per-
formed in accordance with the terms of the United Kingdom Home Office
Animals Act Project License. Procedures were approved by the University
of Oxford Animal Care and Ethical Review Committee. The fur was
clipped and shaved on the abdomen and at the base of the tail. Injection
sites were prepped with 70% ethanol prior to injection. Hap micropar-
ticles were injected at a gas pressure of 55 � 105 Pa using the in-line
Venturi needle-free powder injection device (Particle Therapeutics Ltd.,
Yarton, United Kingdom). Histology samples from the injection sites
were fixed in 10% buffered formalin, dehydrated in alcohol, embedded in
paraffin wax, sectioned every 5 �m, and stained with hematoxylin and
eosin (Sigma-Aldrich, Dorset, United Kingdom). Images were obtained
on a Nikon Eclipse Ti light microscope with NIS Elements AR 3.0 soft-
ware. The particle penetration depth and the viable epidermis (VED) and
stratum corneum (SC) thicknesses were assessed using ImageJ analysis
software (available at http://rsb.info.nih.gov/ij; developed by Wayne Ras-
band, National Institutes of Health, Bethesda, MD, USA). The particle
injection depth was measured based on the microscope’s calibrated size
scale, and it was reported as the distance between the outer part of the SC
and the location on the particle furthest in the tissue (Fig. 1a and b). The
localization of particles in the epidermis was determined by comparing
the mean particle penetration depth to the location of the VED-to-dermis
threshold, which was defined as the mean SC-plus-VED thickness at a
given injection location. Because the diameter of K-Hap particles is larger
than the SC thickness, if their penetration depth is similar or less than the
SC-plus-VED threshold, particles are located at least partially in the epi-
dermis.

Hap and K-Hap BSA-TRITC loading. Hap and K-Hap 10-mg powder
samples were incubated at room temperature (RT) for 3 h with 5 mg of
bovine serum albumin (BSA)-tetramethyl rhodamine isothiocyanate
(TRITC) (Sigma-Aldrich, Dorset, United Kingdom) in 1 ml of phos-
phate-buffered saline (PBS) (Sigma-Aldrich, Dorset, United Kingdom) at
pH 7.4 on a VWR rotating shaker (VWR, Dublin, Ireland). Protein load-
ing on Hap and K-Hap was determined by micro-bicinchoninic acid
(micro-BCA) assay kit according to the manufacturer’s recommenda-
tions (Sigma-Aldrich, Dorset, United Kingdom). In addition to the bulk
average protein loading measured by BCA assay, the protein loading on
individual particles was characterized using fluorescence imaging. Briefly,
protein loading of albumin-TRITC on dry-powder Hap and K-Hap was
assessed using fluorescence imaging at 80-ms exposure and �4 magnifi-
cation on a Nikon Eclipse Ti light microscope and NIS Elements AR 3.0
software. Albumin-TRITC was excited at 550 nm, and fluorescence was
monitored at 600 nm. Fluorescence intensity was averaged over the re-
spective particle area using ImageJ analysis software and reported from
low to high on an 8-bit (0 to 255) gray-scale intensity spectrum.

K-Hap CRM197 dry-powder formulation. The model antigen
CRM197 (Novartis Vaccines and Diagnostics, Siena, Italy) was provided in
10% (wt/vol) sucrose–10 mM K2HPO4 at pH 7.2 and was dialyzed against
PBS (pH 7.4) for 12 h using a Mini Slide-A-Lyzer (Fisher Scientific,
Loughborough, United Kingdom) with a 10-kDa-molecular-size cutoff
prior to use. Dialyzed CRM197 was adsorbed onto 10 mg of K-Hap parti-
cles in 1 ml of PBS (pH 7.4) for 3 h at 1.6 mg/ml on a VWR rotating shaker.
The slurry was centrifuged for 3 min at 2,000 � g (MSE, London, United
Kingdom), and the supernatant was subsequently decanted. The K-Hap–
CRM197 particles were washed thrice with isopropanol (Fisher Scientific,
Loughborough, United Kingdom). The wet powder was then transferred
into lyophilization vials (Adelphi Healthcare Packaging, Haywards,
United Kingdom) and vacuum dried for 24 h at 13.33 Pa and 20°C with a
FTS Lyostar I instrument (SP Industries, Warminster, PA, USA). The vials
were sealed, crimped, and stored at room temperature until further use.

K-Hap CRM197 adsorption and in vitro release. The total protein
loading on K-Hap (C0) was determined as the percentage of the mass
difference between CRM197 in solution before and after adsorption mea-
sured by micro-BCA assay (Sigma-Aldrich, Dorset, United Kingdom) and
divided by the mass of K-Hap. The Langmuir isotherm is described by the
following equation:

y � �abx1�c� ⁄ �1 � bx1�c�
and was iteratively fitted using GraphPad Prism 5 (GraphPad Software,
Inc., San Diego, CA, USA). The dependent variable y (in milligrams per
gram) is the amount of CRM197 per mass of K-Hap, the independent
variable x (in milligrams per liter) is the CRM197 concentration in solu-
tion. The variable a is the adsorption capacity, while b and c are model
constants. The approximate surface area of particles was obtained on a
Malvern Mastersizer S analyzer (Malvern Instruments Ltd., Malvern,
United Kingdom), in a small-volume dispersion cell. A 300RF lens with
backscatter detector with an active beam length of 14.3 mm was used to
obtain an average of 6 times 6,000 measurements according to Mie theory.
Particles were added until 10 to 13% detector obscuration was achieved at
a stirring rate of 2,000 rpm. Refractive indices (RI) for HA and K-Hap
particles (RI, 1.6510) dispersed in deionized (dI) water (RI, 1.3300) were
used in the method.

CRM197 release from K-Hap in PBS was quantified by micro-BCA
assay (Sigma-Aldrich, Dorset, United Kingdom) after 0, 0.5, 1.5, 6, and 24
h of incubation in PBS (pH 7.4) at 37°C on a rotating shaker (n � 3).
Absorbance at 562 nm was measured on a Cary 50 Bio UV-visible spec-
trophotometer (Varian, CA, USA). Concentrations were plotted as per-
cent release relative to total protein loading (C/C0).

Structural characterization of surface-adsorbed CRM197. The sec-
ondary structure of CRM197 when adsorbed on K-Hap or aluminum
phosphate (Adju-Phos; Brenntag Biosector, Frederikssund, Denmark)
was determined using a LN2-cooled Fourier transform infrared (FT-IR)
Tensor 37 spectrometer, equipped with the attenuated total reflection

FIG 1 (a) The thickness of the stratum corneum (SC) and viable epidermis
(VED) were measured as depicted by the two-headed arrows. The particle
penetration depth was measured as the length of the line that connects the
deepest part of a particle in the tissue to the outer part of the stratum corneum
and is perpendicular to the latter. The distances in pixels were related to the
microscope’s calibration scale to obtain distance measurements in microme-
ters. (b) Microscopy slides of hematoxylin-and-eosin (H&E)-stained tissue
sections were imaged with a Nikon Eclipse Ti light microscope, and the pene-
tration depths of K-Hap particles (arrows) were measured and analyzed using
ImageJ.
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BioATR II sample compartment (Bruker Optics, Ettlingen, Germany).
Over the range 4,000 to 800 cm�1, 128 scans were averaged at a 4-cm�1

resolution. The attenuated total reflection (ATR) unit was temperature
controlled at 20°C. OPUS 6.5 software data postprocessing included at-
mospheric compensation, vector normalization, baseline correction, and
integration of the amide I and II band regions from 1,720 cm�1 to 1,480
cm�1. The spectra were evaluated against the Quant II structural database
provided by Bruker Optics.

Immunization. Six- to 8-week-old female BALB/c mice (Harlan, Ox-
fordshire, United Kingdom) were fully anesthetized with isoflurane gas.
Before needle-free administration of K-Hap–CRM197, the murine pinna
was sterilized with 70% ethanol solution. The in-line Venturi device (Par-
ticle Therapeutics Ltd., Yarnton, United Kingdom) was placed onto the
dorsal pinna for injection. Medical-grade helium pressured at 55 � 105 Pa
was used to accelerate the K-Hap powder containing 10 �g CRM197 into
the skin. Intramuscular injection with 12.5 �l of aqueous CRM197 was
administered into the medial thigh of each hind leg using a 29-gauge
needle. The total volume of 25 �l contained 10 �g CRM197, with or with-
out alum (n � 8). Briefly, CRM197 was formulated with Adju-Phos at a
ratio of 10 �g CRM197 to 85 �g alum in 10 mM Tris buffer (pH 7.0 to 7.5).
For 10 doses, 30 �l of saline was added to 170 �l of Adju-Phos containing
850 �g of aluminum under aseptic conditions. After 15 min at room
temperature, 50 �l of a 2-mg/ml CRM197 solution was added and incu-
bated at room temperature for 1 h prior to injection. Naive mice served as
a negative control (n � 4). Mice were primed on day 0 and boosted on day
28 with the same formulations and antigen dose. Blood was collected from
the tail vein on days 28 and 42.

ELISA. Antibody responses were assessed by enzyme-linked immu-
nosorbent assay (ELISA) after coating plates (Fisher Scientific, Loughbor-
ough, United Kingdom) with 5 �g of CRM197 antigen per well in carbon-
ate-bicarbonate buffer (Sigma-Aldrich, Dorset, United Kingdom). The
reactions in the wells were blocked with PBS containing 5% BSA (Sigma-
Aldrich, Dorset, United Kingdom). Serum samples were serially diluted in
PBS containing 0.05% Tween 20 (PBS–Tween) with 5% BSA at a starting
dilution of 1:200. After incubation at 25°C for 2 h, an antibody detecting
goat anti-mouse antibody (Southern Biotech, Cambridge, United King-
dom) was added at a dilution of 1:2,000 in PBS–Tween with 5% BSA. After
1-h incubation of the plates, the reactions in the wells were developed with
3,3=,5,5=-tetramethylbenzidine substrate (Sigma-Aldrich, Dorset, United
Kingdom) for 10 min and stopped with 2 M sulfuric acid (Sigma-Aldrich,
Dorset, United Kingdom). The optical density at 405 nm (OD405) was
read with a Multiskan EX microplate reader (Thermo Scientific, Lough-
borough, United Kingdom). Results were expressed as endpoint titers
where the reciprocal of the highest serum dilution gives a reading above
the cutoff value. The cutoff value was established as the OD405 of the
sample diluent plus 2 standard deviations.

Statistics. Statistical methods included unpaired two-tailed Student t
test, one-way analysis of variance (ANOVA) with Tukey-Kramer multiple
comparison correction, and two-way ANOVA with Bonferroni posttest
for multiple comparison correction. The alpha level of 0.05 was consid-
ered to be statistically significant. The statistical analysis was performed
and graphically displayed using GraphPad Prism 5 (GraphPad Software,
Inc., San Diego, CA, USA).

RESULTS
Intradermal particle placement by location. An initial dermal
particle penetration study was conducted to determine the injec-
tion location that achieved preferential targeting of the epidermis.
For this, histology samples were taken from the injection sites on
the ear, abdomen, and base of tail (BoT) after needle-free injection
to assess the thickness of the dermal layers and the penetration
depth of the Hap microparticles by microscopy (Fig. 1a and b).
One-way ANOVA results on histology measurements suggest that
the thickness of the viable epidermis (VED) varied significantly
(P � 0.001) between inoculation locations. The greatest mean

thickness was observed for the pinna (36.3 �m), while the mean
VED thickness for the abdomen and BoT ranged between 20.1 and
22.5 �m (Table 1). The stratum corneum (SC) had significantly
different thicknesses (P � 0.001) at the various injection sites.
Also, the mean particle penetration depth (MPD) was signifi-
cantly different (P � 0.01) for the three injection sites. The MPD
was not different for the abdomen and BoT (P � 0.05). Colocal-
ization of particles with the epidermis is best when the MPD ap-
proximates the SC-plus-VED thickness (Fig. 1a). The best colo-
calization of Hap particles within the viable epidermis was
observed for pinna injections with a MPD of 53.7 �m � 19.2 �m
and SC-plus-VED thickness of 52.5 �m � 14.0 �m (Table 1).
MPD exceeded the SC-plus-VED threshold at both of the other
injection sites. Therefore, the dry-powder vaccine was injected
needle-free into the pinna in the subsequent immunogenicity
study.

Protein adsorption onto Hap and K-Hap. An increased sur-
face adsorption propensity can increase the antigen payload that is
delivered per microparticle and thereby reduce the extraneous
material delivered per dose. Using fluorescence microscopy, it was
determined that the mean adsorption of albumin-TRITC in phys-
iological PBS was significantly greater (P � 0.001) on K-Hap than
on Hap (Fig. 2b). These results were confirmed by micro-BCA
assay (data not shown). Fluorescence images suggested some vari-
ability in protein loading within the Hap and K-Hap particle
groups (Fig. 2a). This may be attributable to variation in particle
surface properties such as surface roughness, material composi-
tion, and surface charge of individual particles. Although particle
morphology varied between prismic and spheroidal, there was no
apparent effect of morphology on protein adsorption.

Secondary structure of surface-adsorbed CRM197. Immuno-
genic epitopes may be adversely affected by changes in the second-
ary structure of the antigen, which should be avoided during dry-
powder formulation. FT-IR analysis of surface-adsorbed CRM197

suggested that the amide I band peak position of K-Hap-adsorbed
CRM197 was observed at 1,648 cm�1 (Table 2). This was also the
amide I band peak position of CRM197 when CRM197 was sus-
pended in phosphate buffer. Adsorption onto K-Hap caused a 1%
reduction in 	-helix content but no detectable increase in 
-sheet
content relative to the solution. This suggests that adsorption onto
K-Hap largely conserved the native secondary structure of
CRM197. On the other hand, alum-adsorbed CRM197 induced a
5% decrease of 	-helical content along with a 5% increase in

-sheet structures (Table 2). These results suggest that a form of
CRM197 that is more similar to the native state may be presented to
the immune system on K-Hap than on alum.

CRM197 adsorption isotherm on K-Hap. The surface sorption
capacity of CRM197 on K-Hap was determined as a function of
protein concentration in the suspension based on the measured

TABLE 1 Microscopy measurements on histology samples describing
powder placement in the skin and dermal dimensionsa

Sample
location

Viable epidermal
thickness (�m)

Stratum corneum
thickness (�m)

Particle penetration
depth (�m)

Pinna 36.3 � 8.1 (135) 16.2 � 5.9 (148) 53.7 � 19.2 (69)
Abdomen 22.5 � 5.2 (162) 6.6 � 2.7 (161) 46.3 � 19.2 (195)
Base of tail 20.1 � 9.8 (157) 9.9 � 5.5 (187) 44.4 � 19.0 (178)
a Values are reported as means � standard deviations (SD). The number of
observations is shown in parentheses.
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mass of CRM197 per mass of K-Hap. Figure 3a suggests that
CRM197 adsorption on K-Hap is well described by the Langmuir
isotherm (R2 � 0.988). Computational extrapolation estimates
the adsorption capacity at 5.9 mg of CRM197 per g of K-Hap as the
maximum amount of CRM197 per gram of substrate. When re-
lated to the particle surface area obtained from the light-scattering
particle size distribution, the maximum CRM197 adsorption ca-
pacity corresponds to a surface protein loading density on K-Hap
of 9.7 mg/m2.

Time-dependent CRM197 release. Colloidal adjuvants retain
the antigen at the injection site, which has been linked to immune

response potentiation. K-Hap microparticles released approxi-
mately 28% of their maximum 5.9 mg of CRM197 per g of K-Hap
payload within the first 90 min in PBS buffer as an initial burst but
provided sustained release of the antigen thereafter (Fig. 3b).
Therefore, K-Hap may similarly retain CRM197 at the injection
site, like aluminum adjuvants, while providing a slow release of
the antigen.

Serum IgG antibody response. Pathogen opsonization, agglu-
tination, and toxin neutralization are facilitated by the presence of
IgG in serum. It was investigated whether K-Hap–CRM197 could
induce IgG levels similar to that of the current clinical standard
(e.g., alum-CRM197). As depicted in Fig. 4a, anti-CRM197 serum
IgG geometric mean titers (GMTs) were not different for alum-
adsorbed CRM197 and K-Hap-adsorbed CRM197 28 days after
prime (P � 0.05), although the mean IgG GMT for K-Hap-ad-
sorbed CRM197 was higher on average. On day 42, 14 days after the
booster dose, alum-adsorbed CRM197 GMTs were higher on av-
erage than in the K-Hap-adsorbed CRM197 group, but the differ-
ence was not significant (P � 0.05). Both alum and K-Hap condi-
tions showed significantly higher mean GMTs than the naive
control (P � 0.001). An approximately 1.4-fold increase in IgG
GMT levels was observed for K-Hap–CRM197, and a 1.7-fold in-
crease in the alum-adjuvanted CRM197 condition was seen be-
tween days 28 and 42. A nonsignificant trend suggests that K-Hap
may induce a stronger initial response than alum-CRM197 (ad-
ministered intramuscularly [i.m.]), but alum-adsorbed CRM197

may have a stronger booster response.
IgG subclass responses. It was investigated whether the pre-

FIG 2 (a and b) Albumin-TRITC (5 mg/ml) was adsorbed onto 10 mg Hap
and K-Hap in PBS (pH 7.4) for 3 h on a rotating shaker, then washed thrice
with isopropanol, and vacuum dried at 13.33 Pa for 24 h at 20°C. Dry-Hap–
albumin–TRITC and K-Hap–albumin–TRITC powders were imaged at 80-ms
exposure under �4 magnification. Fluorescence of albumin-TRITC was ex-
cited at 550 nm and monitored at 600 nm. (b) Emission intensity values were
quantified as mean area intensity with 95% confidence interval (95% CI) and
averaged over the visible individual particle area using 8-bit gray-scale values
(0 to 255) in ImageJ. A total of 90 particles were studied. Values that are
significantly different (P � 0.001) by an unpaired two-tailed t test at 	 � 0.05
significance level are indicated (***).

TABLE 2 Secondary structure of CRM197 measured by total attenuated
reflection FT-IRa

CRM197 form Substrate
	-Helix
content (%)


-Sheet
content (%)

Amide I peak
position (cm�1)

Adsorbed K-Hap 30 � 1 28 � 1 1,648 � 0.5
Alum 26 � 1 33 � 1 1,648 � 0.5

In solution PBS 31 � 0.5 28 � 0.5 1,648 � 0.1
a Values are reported as means � SD (n � 3).

FIG 3 CRM197 adsorption and release from K-Hap in vitro. (a) CRM197 sorp-
tion onto K-Hap in 10 mM PBS (pH 7.4) at room temperature for 3 h as a
function of protein concentration in solution. Changes in the CRM197 concen-
tration in PBS were measured using a micro-BCA assay. Mean adsorbed
CRM197 mass with standard deviation plotted relative to K-Hap follows a
Langmuir isotherm (R2 � 0.988; n � 3; repeated 3 times). (b) Mean cumula-
tive release and standard deviation (n � 3; repeated 3 times) of CRM197 in PBS
(pH 7.4) from K-Hap microparticles were measured using a micro-BCA assay.
The cumulative release (C) is expressed relative to the total adsorbed protein
on the K-Hap microparticles (C0) over time.
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sentation of CRM197 in the K-Hap microparticle surface-adsorbed
state could influence the IgG1/IgG2a balance. The alum-adju-
vanted and needle-free K-Hap groups both showed a 2-fold IgG1/
IgG2a-biased response. These results suggest that alum and K-
Hap may similarly act as adjuvant and induce an IgG1-biased
response. Two weeks after the booster dose (day 42), anti-CRM197

IgG1 GMTs were higher for the alum-adjuvanted group than for
the needle-free K-Hap group (P � 0.05). Both the alum-adju-
vanted and K-Hap-adjuvanted (P � 0.001) groups induced sig-
nificantly higher GMTs than the naive control. These results sug-
gest that K-Hap-adsorbed CRM197 injected needle-free induces a
similarly IgG1-biased response as alum-adsorbed CRM197 by
HNS and that K-Hap may act in a similarly adjuvanting manner as
alum.

DISCUSSION

While needle-free immunization has clear advantages over inoc-
ulation with HNS, the latter is less technically demanding (6). The
three pivotal aspects of successful needle-free intradermal vacci-
nation are the antigen payload deposition in the correct dermal
layer, the structural preservation of the antigen during dry-pow-

der formulation, and the magnitude and type of immune response
that can be elicited compared to HNS inoculation (33). This paper
addresses these three aspects. The data presented show successful
targeting of the needle-free vaccine to the epidermis, structural
retention of the CRM197 protein in the K-Hap-adsorbed state, and
comparable immunogenicity of the needle-free delivery approach
with CRM197-adsorbed K-Hap relative to the alum-adjuvanted
condition by HNS.

Needle-free powder delivery to the optimal dermal layer re-
portedly presents a challenge in part due to highly variable skin
characteristics (34, 35). Previous ballistic delivery studies have
emphasized the influence of VED and SC thickness on particle
penetration depth, with an increase in layer thickness translating
to reduced penetration into the skin (36). In this study, we did not
observe this effect on K-Hap penetration depth. A possible reason
for this may be the varied K-Hap particle shape factor (spheroidal
to prismic) that could influence penetration properties or the rel-
atively large particle size relative to the dermal layers. However,
the thicker SC and VED layers in the pinna allowed for good
colocalization of K-Hap particles with the epidermis, whereas par-
ticles penetrated too deep at the other injection sites. Interestingly,
while differences in VED and SC thickness are also thought to
impact the particle distribution in the dermis, the obtained results
show an almost identical variance about the mean despite signif-
icantly different VED and SC dimensions (Table 1). This suggests
that while VED and SC thickness can impact the powder penetra-
tion depth, they may contribute less to the particle distribution in
the skin than other factors, such as the underlying particle char-
acteristics, the injection device, and the propulsion pressure.

An alternative antigen delivery platform should preserve the
structure of the antigen and have sufficient antigen-carrying ca-
pacity to minimize the codelivery of extraneous material. On solid
particles, the antigen-carrying capacity is restricted to surface ad-
sorption. Protein sorption propensity on surfaces is affected by the
net surface charge and the distribution of local charges (37). We
found that potassium-doped Hap adsorbed significantly more
BSA-TRITC than pure Hap did. It is possible that the incorpora-
tion of potassium into the Hap crystal lattice may have impacted
the material’s net surface charge and allowed for an improved
protein-loading capacity of the negatively charged BSA-TRITC
(Fig. 2a and b). Alternatively, the ionic sorbent properties of K-
Hap may be enhanced relative to Hap, and thus may bind a
broader set of positively and negatively charged pockets on the
protein, as the net overall charge may not adequately account for
the presence of charged pockets. Since the protein adsorption on
K-Hap was independent of the individual particle morphology,
this suggests that the greater adsorption propensity relative to
pure Hap is due to a material characteristic rather than to a mor-
phological characteristic (38).

In addition to increased protein loading, K-Hap also largely
preserved the secondary structure of CRM197. Partial unfolding of
proteins can lead to aggregation via the association of exposed
hydrophobic patches to form an intermolecular 
-sheet. This
change is manifested by a decrease in 	-helix structure and an
increase in 
-sheet content (39). Since CRM197 	-helix and

-sheet structures were reasonably well preserved on the K-Hap
surface, hydrophobic patches are likely not exposed (Table 2).
Therefore, protein aggregation is unlikely to occur even if ad-
sorbed molecules are in sufficiently close physical proximity to
interact. The maximum sorption capacity was estimated at 5.9 mg

FIG 4 All treatment groups (n � 8) received 10 �g CRM197 on days 0 (prime)
and 28 (boost). Mice were bled on days 28 and 42. Naive mice served as the
control group (four mice). Preimmunization serial titers were less than 200.
CRM197 alone in PBS (CRM197) and CRM197 adjuvanted with 85 �g alum
(CRM197�Alum) were injected i.m. with HNS. K-Hap–CRM197 powder was
administered intradermally (i.d.) needle-free (CRM197�K-Hap). (a) The IgG
geometric mean titer (GMT) and 95% confidence interval (95% CI) are indi-
cated for all treatment groups on days 28 and 42. (b) IgG1 and IgG2a GMTs
with 95% CIs are indicated for all treatment groups on day 42. Two-way
ANOVA compared the categorical variables (a) “treatment group” and “time
point” and (b) “treatment group” and “IgG subclass” as predictors of the
continuous-variable CRM197 GMT and was conducted at 	 � 0.05 signifi-
cance level. Values that are significantly different (P � 0.001) are indicated
(***). P values above the 	-level were considered not significant (NS).

Weissmueller et al.

590 cvi.asm.org May 2015 Volume 22 Number 5Clinical and Vaccine Immunology

http://cvi.asm.org


of CRM197 per g of K-Hap and was well-described by a Langmuir
isotherm (R2 � 0.988). This suggests that CRM197 adsorbed onto
K-Hap as a single layer, which correlates with the minor changes
in secondary structure observed by FT-IR. When related to the
particle surface area, which was obtained from the light-scattering
particle size distribution, the maximum CRM197 adsorption ca-
pacity corresponds to a K-Hap surface protein-loading density of
9.7 mg/m2. The protein-loading density of BSA on pure hydroxy-
apatite has been reported as 1.5 mg/m2, but buffer strength, pro-
tein type, and substrate can affect the loading density and may
therefore not be compared directly to the results presented in this
paper (40). Additionally, light scattering can give an estimate of
the surface area, but it cannot account for the surface roughness.
Therefore, the average surface loading density of CRM197 on K-
Hap can be regarded only as a rough estimate. The cumulative
CRM197 release from the K-Hap particles after 24 h was less than
40% of the total payload, which is less than 2.4 �g of CRM197 per
1 mg of K-Hap. Therefore, the possible soluble aggregate content
of this formulation can be considered minimal at any given time in
situ and hence does not pose a serious concern (41, 42). Further-
more, the strong antigen retention on K-Hap suggests a similar
antigen depot function as alum, and therefore, K-Hap may be
considered an adjuvant, more so than either an immune modula-
tor or an inactive formulation excipient. This theory is supported
by the elicited IgG and IgG subclass GMTs.

The magnitude and quality of the induced immune response
can provide insight into the effect of a novel antigen formulation
(43). In this study, needle-free immunization with K-Hap–
CRM197 induced geometric mean IgG antibody titers (IgG GMT)
that were not different (P � 0.05) from alum-adjuvanted CRM197

by HNS 4 weeks after prime and 2 weeks after boost. The GMT
ratios of IgG1/IgG2a were approximately 2-fold IgG1 biased for
the alum-adjuvanted CRM197 and K-Hap-adsorbed CRM197

groups. Based on the observed IgG and IgG subclass responses, the
immune activation with K-Hap-adsorbed CRM197 resembled the
adjuvant effect observed with alum. The adjuvanticity of alum is
partially ascribed to the formation of an antigen depot, as well as
to the noncovalently bound surface presentation of the antigen.
Based on the physical characterizations of CRM197 sorption and
release from K-Hap, the adjuvant effect of K-Hap on CRM197

immunogenicity may be achieved in a fashion similar to that of
aluminum salts.

While immunization with CRM197 alone is not of direct clini-
cal applicability, the use of the CRM197 protein in this study pres-
ents a good model to probe the capability of the K-Hap formula-
tion approach. For example, Haemophilus influenzae type b (Hib),
pneumococcal, and meningococcal vaccines contain oligosaccha-
rides that are covalently linked to CRM197 (30). From a formula-
tion standpoint, the structural preservation of CRM197 is the most
challenging component of a dry-powder K-Hap vaccine, as it is
the protein that likely denatures (44). In vivo and FT-IR results
suggest that the structure of CRM197 was sufficiently preserved.
This finding motivates the investigation of the K-Hap platform as
a needle-free delivery vehicle for a variety of CRM-based conju-
gate vaccines.

In conclusion, the data presented suggest that needle-free in-
tradermal vaccination with CRM197 antigen-loaded K-Hap mi-
croparticles induces an IgG1-biased antibody response with
strong IgG GMTs that are not different from the alum-adjuvanted
CRM197 by HNS. Simple coincubation of the antigen with the

K-Hap carrier microparticles followed by vacuum desiccation was
sufficient to reformulate the antigen, whereas conventional phar-
maceutical dry-powder formulation processes require the need
for largely empirical excipient selection and time-consuming
spray lyophilization, which can degrade proteins. In the surface-
adsorbed state, CRM197 largely retained its secondary structure
according to FT-IR measurements. These findings encourage the
investigation of the in vivo immunogenicity of needle-free glyco-
conjugate formulations using the K-Hap vehicle.
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