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a b s t r a c t 

Background: Hydroxyapatite nanoparticles (nHAp) have excellent properties, such as biocompatibility and os- 
teoconductivity, which are critical for bone reconstruction. However, they remain inactive against pathogenic 
bacteria that can grow in defected bone tissue, and their use in some patients may result in some undesirable 
inflammatory reactions. Gallic acid (GA) is known for its specific anti-inflammatory and antibacterial properties. 
Coupling these characteristics with nHAp is of great interest. 
Methods: The present study investigated the preparation of nHAp in the presence of various proportions of GA (0, 
0.6, 2.5, and 5 mMol) using the neutralization method at room temperature. The effect of GA on the crystallinity, 
chemical composition, and surface specific area (SSA) of the prepared nHAp-GA composites was also studied. 
Results: X-ray diffraction and Brunauer-Emmett-Teller (BET) analysis revealed that the precipitation of nHAp 
in the presence of a low fraction of GA induced the formation of nHAp with low crystallinity and high SSA 

(142 m 

2 /g), while GA at high concentration limited nHAp growth and favored the ACP formation with low 

SSA (32 m 

2 /g). X-ray photoelectron spectroscopy (XPS) indicated that GA is adsorbed on the nHAp surface and 
controlled its growth. 
Conclusion: Overall, the prepared nHAp/Ga composites presented chemical and structural characteristics close 
to those of natural bone that make them a good candidate for bone tissue regeneration. 
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. Introduction 

Hydroxyapatite nanoparticles are calcium phosphate materials that
lay an important role in bone tissue regeneration due to their simi-
arity to the inorganic part of the native bone [1] . This explains their
xcellent biocompatibility and osteoconductivity, as well as their abil-
ty to bond directly to living tissues [2] . Consequently, nHAp has been
roposed for a broad range of clinical applications, especially for den-
istry and orthopedics, as well as metallic implant coating [3] . Recently,
HAp is attracting more attention as a drug delivery system (DDS) for
he local and controlled release of biologically active compounds [4] .
HAp can be combined with a variety of bioactive molecules, including
nti-inflammatory, antimicrobial, antioxidant, and anticancer drugs, to
reate some promising DDS for treating infected bone tissue directly
5] . For many years, the attention focused on synthetic molecules to be
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ombined with nHAp to treat several diseases after implantation. Re-
ently, the application of natural molecules commonly extracted from
lants has attracted more attention in the pharmaceutical area because
f their many advantages [6] . Gallic acid (GA: C 7 H 6 O 5 ) is a phenolic
cid that is mostly identified in fruits such as grapes, bananas, avocado,
ango strawberries, oak bar, the leaves of bearberry, and green tea [7] .
A has been widely exploited for its biological benefits, including its
nti-inflammatory, antiviral, and antibacterial properties [ 8 , 9 ]. Addi-
ionally, its anticancer activity has been proven against ovarian [10] ,
ung [11] , prostate [12] , and breast cancer cells [13] . Therefore, cou-
ling GA properties with nHAp for bone regeneration is highly preferred
nd recommended. The choice of this molecule is justified on the one
and by their biological activities such as anti-inflammatory, antioxi-
ant, and antifungal and on the other hand by their well-defined size and
heir carboxyl and hydroxyl functions. The preparation of such compos-
.edu (N. Jaradat), sjodeh@najah.edu (S. Jodeh) . 
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Table 1 

Quantities of reagents used in the preparation of nHAp-GA samples. 

Samples GA (mol) Ca (OH) 2 (mol) H 3 PO 4 (mol) 

nHAp - 0.024 0.0144 
nHAp-GA 1 0.6 × 10 − 3 0.024 0.0144 
nHAp-GA 2 2.5 × 10 − 3 0.024 0.0144 
nHAp-GA 3 5 × 10 − 3 0.024 0.0144 

Scheme 1. Preparation of nHAp-GA composites using neutralization reaction. 

i  

p  

t  

m
a  

c  

o  

t  

i  

f  

G

2

 

A

2

 

c  

p  

a
 

a  

l  

8  

i  

a  

n  

T  

fi  

8
 

n  

i

Fig. 1. FTIR spectra of the prepared samples, a: nHAp-GA 1 ; b: nHAp-GA 2 , 
c: nHAp-GA 3, and d: nHAp. 

Fig. 2. XRD pattern of the prepared samples; a: nHAp-GA 1 , b: nHAp-GA 2 , c: 
nHAp-GA 3, and d: nHAp. 
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te (nHAp/GA) was mainly performed using two methods; adsorption on
re-prepared particles or incorporation during hydroxyapatite precipi-
ation [14] . However, to the best of our knowledge, the neutralization
ethod using calcium hydroxide Ca(OH) 2 and phosphoric acid H 3 PO 4 

s precursors has not been reported for the preparation of nHAp and GA
omposites. In the present study, the chemical and physical properties
f precipitated Hap/GA samples are evaluated and compared to the ob-
ained results with Hap/GA composites elaborated through other chem-
cal routes. The specific goal was to use this simple preparation method
or the precipitation of hydroxyapatite nanoparticles in the presence of
A and then characterize the obtained samples. 

. Materials and methods 

All reagents used in the present work were received from Sigma-
ldrich (Germany) and utilized without further purification. 

.1. Preparation of nHAp-GA samples 

The synthesis method adopted in this study to elaborate nHAp-GA
omposite samples was neutralization. As a calcium source, freshly pre-
ared Ca(OH) 2 from CaO dispersed in distilled water (DW) was used,
nd phosphoric acid (H 3 PO 4 ) was used as a phosphorus source. 

For the preparation of nHAp, 0.014 M phosphoric acid was slowly
dded to 0.024 M calcium solution, and 0.5 M ammonium hydroxide so-
ution (NH 4 OH) was added when necessary to maintain the pH around
. nHAp–GA composites with different amounts of GA were prepared us-
ng the same operative conditions,. GA was added to the Ca(OH) solution
nd stirred for 1 h before adding the H 3 PO 4 solution dropwise. Three
HAp–GA samples were synthesized as given in Table 1 and Scheme 1 .
he resulting solutions were stirred for an additional 2 h before being
ltrated and washed twice with DW before being dried overnight at
0°C. 

In the following, we designated the precipitated samples nHAp as
HAp-GA 1 , nHAp-GA 2 , and nHAp-GA 3 according to the GA amount as

ndicated in Table 1 . O  

2 
.2. Characterization of synthesized samples 

Fourier transform infrared spectroscopy (FTIR) was performed to
haracterize the chemical functional groups of prepared powders sus-
ended in KBr pellets using a Shimadzu FT-IR 8400S series instru-
ent (Shimadzu, Japan). The FTIR spectra were acquired from 4000

o 400 cm 

− 1 at a data acquisition rate of 4 cm 

− 1 . 
The crystalline phase of synthesized samples was evaluated by X-

ay diffraction (XRD) using a Shimadzu (XRD Shimadzu 6000) diffrac-
ometer with nickel-filtered Cu-K 𝛼 radiation (1.5418A ̊). The character-
zation was operated at 30 mA and 40 kV, with a scanning 2 𝜃 range
etween 10° and 60° and a step size of 0.02°. Thermogravimetric analy-
is (TGA) was carried out utilizing Shimadzu DTG-60 to evaluate the
hermal behavior of the paper powders. Samples were heated up to
00°C with a heating speed of 10°C /min in a nitrogen atmosphere.
canning electron microscopy (SEM) was adopted to observe the mor-
hology of the sample using a HIROX SH-5500P Benchtop instrument.
lemental analysis of the prepared samples was determined by em-
loying inductively coupled plasma optical emission spectrometry (ICP-
ES). The specific surface area (SSA) and pore size were respectively
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Fig. 3. TGA curves of the prepared samples with different proportions of GA, 
a: nHAp-GA 3 , b: nHAp-GA 2 , c: nHAp-GA 1, and d: nHAp. 
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etermined by the Brunauer–Emmett–Teller (BET) and Barrett–Joyner–
alenda (BJH) methods using Autosorb 1 Instruments. An X-ray Pho-

oelectron Spectroscopy (XPS) surface analysis was conducted using a
RATOS AXIS ULTRA DLD spectrometer. The values of the binding en-
rgies (Ca 2p, O 1s, P 2p, C 1s, N 1s, and Mg 2s) associated with the su-
erficial layers of prepared samples were recorded using Al K 𝛼 radiation
hv = 1486,6 eV). 
Fig. 4. XRD pattern of the synthesized samples heated at 900°C

3 
. Results and discussion 

.1. Characterization of prepared samples 

The FTIR spectra of the prepared samples processed by different GA
ates are shown in Fig. 1 . The existence of organic and inorganic phases
n all composites was validated. In all spectra, characteristic absorption
ands of phosphate groups (PO 4 

3 − ) in hydroxyapatite were observed at
66, 603, 961, and 1036 cm 

− 1 [15] . The vibrational band at pure nHAp
ear 1420 cm 

− 1 represents carbonate ions (CO 3 
2 − ), indicating that the

repared sample was carbonated hydroxyapatite [16] . 
The large absorption band situated between 2600 and 3800 cm 

− 1 

nd the small band at 1630 cm 

− 1 suggested the presence of water
olecules in the prepared composites [17] . Additionally, typical bands

f GA in the composite samples were observed between 1350 and
600 cm 

− 1 , which was associated with the vibration band of C-O or C = O
roups [18] . The intensity of these bands increased as the GA amount
ecame more important for nHAP-GA 2 and c: nHAP-GA 3, respectively,
hile a decrease in the intensity of the phosphate bands was noticed.
RD analysis of synthesized samples at different rates of GA is presented

n Fig. 2 . 
The obtained XRD patterns indicated a noticeable change in the sam-

le’s crystallinity due to the accumulation of GA. On the one hand, nHAp
nd nHAp-GA 1 samples’ XRD patterns showed characteristic diffraction
lanes of a poorly crystallized hydroxyapatite in the hexagonal crys-
al system (JCPDS # 09-0432) [19] . On the other hand, nHAp-GA 2 and
HAp-GA 3 exhibited patterns of amorphous calcium phosphate. This re-
ult suggested that the GA significantly influenced the crystallinity of
HAp and limited its crystal growth. In fact, according to their chem-
cal structures, polyphenol acids play an important role in hydroxyap-
tite precipitation and can slow or inhibit the growth of Hap particles
20] . In support of the present study, Tang et al. [18] also reported that
 a: nHAp-GA 3 , b: nHAp-GA 2 , c: nHAp-GA 1, and d: nHAp. 
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Fig. 5. SEM images of nHAp and nHAp-GA 3 samples 

Fig. 6. The pore distribution of the prepared samples, a: nHAp, b: nHAp-GA 3, 

and nHAp-GA 1 . 
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Table 2 

Specific surface area, pore volume, and pore size of precipitated samples. 

Sample Specific surface (m 

2 /g) Pore volume (cc/g) Rays of the pores (A°) 

nHAp-GA 3 31.037 0.251 89.31 
nHAp-GA 2 32.117 0.256 87.845 
nHAp-GA 1 142.254 0.279 15.368 
nHAp 85.705 0.325 24.330 
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A slower the hydroxyapatite formation and limits its crystal growth
n the (002) directions. This could be attributed either to the inter-
ction between GA and calcium ions Ca 2 + during nHAp precipitation
r to GA adsorption on the nHAp surface. Additionally, Palierse et al.
21] observed that at low proportion, polyphenol did not alter the shape
nd particle size of hydroxyapatite. However, the presence of an im-
ortant amount of polyphenols during nHAp precipitation could inhibit
ts formation and results in highly amorphous calcium particles, which
re in accordance with our results. Consequently, these findings sug-
est that GA could be employed to control the crystallinity of nHAp
uring the synthesis process. Moreover, it seems that no matter the
recursor used earlier; (CaCl 2 /KH 2 PO 4 ) [18] , (Ca(NO 3 ) 2 /NH 4 H 2 PO 4 )
22] or herein; (CaOH/H 3 PO 4 ), for Hap preparation, the presence of an
mportant amount of GA favors the formation of amorphous calcium–
hosphate and inhibit the HAp nucleation. The TGA diagrams of sam-
les prepared in aqueous media in the presence of GA are represented
n Fig. 3 . In all diagrams, we observed a gradual mass loss with three
tages. 
4 
The first loss is recorded between 25 and 200°C, corresponding to
he removal of adsorbed water on the apatite surface. The second step,
etween 200°C and 600°C, is attributed to the decomposition of the or-
anic phase and carbonate ions [23] . This mass loss increases gradually
s the concentration of GA becomes important. The last mass loss is
bserved beyond 650°C attributed to the structural transformation of
roups phosphate, namely the reaction of the OH 

– ions of the apatite
ith P 2 O 7 

2 − ions [24] . 

 HPO 4 
2 − → P 2 O 7 

2 − + H 2 O(200°C–500°C). 

nd 

 2 O 7 
2 − + 2 OH 

– → 2 PO 4 
3 − + H 2 O (700-800°C). 

At high temperatures, we are witnessing a complete elimination
f the organic phase and formation of well-crystallized hydroxyap-
tite Ca 10 (PO 4 ) 6 (OH) 2, as presented in Fig. 4 . 

To observe the morphology of nHAp and nHAp-GA 3 samples, scan-
ing electron microscopy (SEM) analysis was used. 

As shown in Fig. 5 a, the morphology of pure nHAp presented is
ainly formed by a spherical agglomerate with a heterogeneous sur-

ace. The SEM image of nHAp-GA 3 is provided in Fig. 5 b showed large
articles compared to nHAp, meaning that GA was responsible for par-
icle agglomeration. 

It was interesting to evaluate the effect of GA on the specific sur-
ace area, pore-volume, and rays of pores of precipitated samples. The
runauer-Emmett-Teller (BET) theory method is usually used to study
he texture of the samples and determine their surface area, while the
JH desorption method is used to estimate the total pore volume of the
ample [25] . The BET/BJH results reported in Table 2 were obtained
rom the results of Figs. 6 and 7 . 

Table 2 demonstrates the important effect of GA on the surface prop-
rties of precipitated samples. 
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Fig. 7. Isothermal adsorption-desorption of N2 on prepared samples. a: nHAp, b: nHAp-GA1, c: nHAp-GA2, and d: nHAp-GA3. 
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Table 3 

ICP analysis of prepared composites. 

Sample Ca (mg/L) P (mg/L) Ca/P 

nHAp-GA 3 264.54 110.18 1.85 
nHAp-GA 2 272.12 114.25 1.84 
nHAp-GA 1 311.38 132.65 1.81 
nHAp 332.21 152.68 1.677 

Fig. 8. XPS survey spectrum measured of nHAp. 

t  

v
 

i  

M  

i  

c  

t  

r  
The measurement of the SSA of the apatite samples showed different
alues depending on the GA initially rate introduced into the reaction
ixture. The precipitation of nHAp in the presence of a small amount of
A was responsible for an increase in the specific surface area and a de-
rease in the pore volume and pore size compared to that of pure nHAp.
ccordingly, the SSA increased significantly from 85.70 m 

2 g − 1 for nHAp
o 142.25 m 

2 g − 1 for the nHAp-GA 1 sample while the pore volume and
ore size decreased respectively from 0.325 cc/g and 24.330 A° to 0.279
c/g and 15.368 A°. This was expected since this latter presented a struc-
ure with low crystallinity compared to the pure nHAp, which means a
mall crystallite size and consequently large SSA. On the other hand, a
ignificant decrease in the SSA with an increase in the volume pore is
oticed when the GA amount becomes important during nHAp precip-
tation. The low value of SSA was obtained in the case of nHAp-GA 3, 

hich reached 31.037 m 

2 /g. This decrease was accompanied by an in-
rease in the pore diameter (89.31 A°). The reason behind this behavior
ould be attributed to the complex character of the GA during its depo-
ition on the hydroxyapatite surface that partially fills its large pores. 

Fig. 7 highlighted the nitrogen adsorption-desorption isotherm for
he prepared samples with different rates of gallic acid. The isotherms
btained are characterized by a gradual increase in the quantity ad-
orbed as a function of the equilibrium pressure relative to values of
P/P0) greater than 0.6. For lower pressures, the isotherm is charac-
erized by a saturation level, characteristic of mesoporous adsorbents
n which there is capillary condensation. The process of desorption, in
his case, is not reversible; it is characterized by hysteresis of desorption
oncerning adsorption. The isotherm thus observed is of type IV accord-
ng to the IUPAC classification (26), characteristic of adsorption in the
esopores. At low pressure, the adsorption is stronger in the microp-

res due to the strong gas-solid interaction. The form of the adsorption-
esorption isotherms remains the same with different rates of gallic acid,
hich indicates that the nature of the pores remains the same. 

Additionally, it was clear from BJH pore size distribution curves
 Fig. 6 ) that the prepared powders contained mainly mesopores with
 size ranging from 8 to 20 nm. 

To highlight the effect of adding this bioactive molecule (GA) on
he chemical formula of precipitated apatite samples, we measured the
ajor elements constituting the prepared composites, such as Calcium

nd Phosphorus, using ICP analysis ( Table 3 ). The findings revealed that

k  

5 
he Ca/P ratio for all samples was equal to or higher than the theoretical
alue (1.677) of stoichiometric hydroxyapatite. 

Particularly, the results indicated that the hydroxyapatite prepared
n the absence of GA is stoichiometric with a molar ratio Ca/P of 1.677.
oreover, we observed that the calculated Ca/P ratio of all composites

ncreased as a function of the GA rate initially introduced. This variation
an be attributed to the presence of a higher concentration of Ca 2 + at
he surface of nHAp/GA composites that mainly occurred through the
eaction of GA and calcium ions during sample precipitation. It is well
nown that phenols with their functional groups have a strong affinity
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Fig. 9. XPS high-resolution spectra of C 1s for a: nHAp and b: nHAp-GA 3 . 

Table 4 

Binding energies and atomic percentage of elements Ca 2p, O 1s, P 2p, and C 1s for nHap and nHAp-GA 3 obtained from 

XPS analysis. 

Sample 
Binding Energy (eV) Atomic (%) 

P 2p Ca 2p 3/2 O 1s C 1s P 2p Ca 2p 3/2 O 1s C 1s 

HAp 133.4 347.1 531.1 285.2 12.7 18.8 61.3 6.9 
HAp + GA 3 133.2 347.3 531.2 285.2 8.2 13.9 52.9 23.4 
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o the hydroxyapatite surface. These features are allowed antibiotic and
nti-inflammatory molecules to bind to hydroxyapatite [ 26 , 27 ]. 

X-ray photoelectron spectroscopy (XPS) analysis was adopted to ver-
fy the GA deposition at the nHAp surface and determine the nature and
inding type of the two phases. To analyze the feasibility of the treat-
ent performed by the GA deposition at the nHAp surface, after 6 h of

reatments, the surface morphology of the nHAp was studied using FE-
EM (field-emission scanning electron microscope) with double beam
Helios Nanolab 650 de FEI Company, Oxford, UK).The X-ray photo-
lectron (XPS) analysis were performed on a Physical Electronic PHI
ersa Probe II spectrometer via monochromatic Al-K 𝛼 (49.1 W, 15 kV,
nd 1486.6 eV), and the central signals of the interest elements were
nalyzed with a hemispheric multi-channel detector. The spectra of the
amples were registered with constant passage energy of 29.35 eV with
 circular surface area of 200 𝜇m diameter. The resulting XPS spectra
ere examined by the PHI Smart software and treated by MultiPak 9.3

oftware package. The signal of the incidental carbon C 1 s (285.2 eV) ref-
rences the binding energy, which is determined from the Background
hirley and Gauss-Lorentz plots. 

Using this analytical technique, we determined in Table 4 , the bind-
ng energies of the major constituents (Ca 2p, O 1s, P 2p, and C 1s)
re associated with the superficial layers of our apatite samples and the
tomic ratio. 

Calcium, phosphorus, and oxygen are connected to the nHAp struc-
ure ( Fig. 8 ), while the high percentage of carbon is connected to the
hemical composition of gallic acid. 

For both samples, the measured Binding Energy (BE) of P 2p 

133.4 eV), Ca 2p 3/2 (347.1 eV), and O 1s (531eV) are in good agree-
ent with XPS studies on Hap [ 28 , 29 ]. The presence of the C 1s peak at

pproximately 285.0 eV can probably be due to surface contamination
hat occurred during experimental conditions. 
b

6 
Concerning the percentage atomic, the addition of GA significantly
ncreases the carbon content, indicating the existence of phenolic com-
ounds. The surface of the nHAp-GA 3 composite is mainly contained P,
, Ca, and C, according to the nHAp composition. On the other hand,

he percentage of the three main constituents of HAp (calcium, phos-
horous, and oxygen) was decreased, which is attributed directly to the
resence of the organic acid on its surface. 

The carbon decomposition results and especially the two components
 1s (C-O) and C 1s (O-C = O) are given in Table 5 . We observed that
he atomic % of both components increased significantly and reached
espectively 20.7 % and 37.2 % with the addition of GA, as also observed
n Fig. 9 a and b. 

In the case of nHAp treated with GA ( Fig. 10 a and b), there is a
ecrease in the atomic % of oxygen linked to a single phosphorus atom
nd/or atomic % of oxygen bonded to the carbonate, which reaches up
o 67.4%. At the same time, an increase in the atomic percentage of
xygen O1s (-OH)/(C-O) takes a value of 32.6 % ( Table 5 ). 

Overall, GA contains carboxylic functions and three hydroxyl groups
nd their adsorption to the nHAp surface increased the atomic percent-
ge of oxygen O 1s (-OH)/(C-O), C 1s (C-O), and (O-C = O). 

Looking at the main results of the present study, it can be stated
hat nHAp was successfully precipitated in the presence of GA using the
et neutralization method. In fact, through this synthesis process, we
emonstrated that apatite adsorbs organic acids; this can be explained
y an interaction between surface Ca 2 + cation and acidic groups of GA.
urthermore, we observed that GA could control the crystallinity and
rystal growth of nHAp as well as its surface specific, pore size, and
ore volume. 

All the results obtained by X-ray diffraction analysis and by infrared
pectroscopy confirm the formation of a poorly crystallized apatitic
hase; once calcined at 900°C, the crystallinity of the phase becomes

etter. 
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Table 5 

Binding energies and atomic percent % carbon for the C 1s and O 1s core lines for nHAp and nHAp-GA 3 . 

Sample 

Carbon decomposition 

Binding energy (eV) Atomic % 

C1s (C-C) C1s (C-O) C1s (COO) C1s (CC) C1s (C-O) C 1s (1) C1s (COO) C 1 s(2) 

nHAp 285.0 286.7 289.2 56.1 13.7 30.3 
Hap-GA 3 285.0 286.4 288.8 42.1 20.7 37.2 

Oxygen Decomposition 
Binding energy (eV) Atomic % 

O1s (PO 4 /CO 3 ) O1s (-OH/C-O) O1s (PO 4 /CO 3 ) O 1 s(2) O1s (-OH/C-O) O 1s (1) 

nHAp 531.1 532.6 82.0 18.0 
nHap-GA 3 531.1 532.4 67.4 32.6 

Fig. 10. High-resolution X-ray photoelectron of O 1s for a: nHAp and b: HAp-GA 3 . 
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The specific surface decreases significantly with the increase in the
ate of this organic molecule; the low values of the specific surface are
btained in the case of the prepared product (HAp + 5 10 − 3 mol G.A)
nd which reaches 31,037 m 

2 /g. 
We note that the Ca/P atomic ratio measured varies according to

he level of acid initially introduced. For the various samples, the con-
tituent elements of Ca 10 (PO 4 ) 6 (OH) 2 are found at the same energies.
or these samples, the apatite is not modified on the surface. Calcium
s in oxidation state + 2 and phosphorus in phosphate form in oxidation
tate + 5. The acid does not affect the oxidation state of the various con-
tituents of apatite. All the results were gathered to show that there is
n adsorption of this phenolic acid on our apatitic matrix. 

onclusion 

In this study, nHAp was prepared in the presence of different propor-
ions of GA using the neutralization method. The effect of the GA amount
ntroduced on the chemical and structural characteristics of nHAp dur-
ng its formation was elucidated. Through this investigation, we demon-
trated that GA controlled the nucleation process of nHAp. Accordingly,
RD results highlighted significant changes in the nHAp crystallinity
s a function of the GA rate initially introduced. In fact, nHAp with a
ow GA rate showed the formation of a poorly crystallized hydroxyap-
tite, whereas a higher GA rate favored amorphous calcium precipita-
ion. This is justified by the interaction between functional groups of
A and surface Ca 2 + in the nHAp, as confirmed by XPS analysis. The
7 
pecific surface area of prepared samples was also influenced by GA,
hich increased when a small amount was introduced and significantly
ecreased with an increase in the rate of this organic molecule. Over-
ll, the nHAp-GA composites present interesting characteristics such as
ow crystallinity, small crystallite size, as well as antibacterial and anti-
nflammatory properties provided by GA that make them useful substi-
ute materials for dentistry, orthopedic applications, and drug delivery
ystems. 
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