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Abstract

Chitosan, a natural polysaccharide obtained from chitin deacetylation, complexes with
metal ions by coordination with the free electrons pairs of amine groups. Based on this
complexation mechanism, cross-linked chitosan-metal microparticles were prepared by
spray drying using iron (Il or Ill) or zinc ions and characterized in terms of size
distribution and capacity to specifically adsorb ciprofloxacin. Chitosan-Zn(Il) and chitosan-
Fe(lll) microparticles appear to adsorb more ciprofloxacin than plain chitosan or chitosan-
Fe(ll) microparticles. Adsorption isotherms for CH and CH-Fe(ll) microparticles can be
fitted by a single logarithm model (slope 1) with one ciprofloxacin per adsorption site,
whereas for CH-Fe(ll) and CH-Zn(ll) microparticles isotherms are rather bilogarithmic with
an initial slope of 2, suggesting that a single adsorption site can bind two molecules of
ciprofloxacin. In addition, the pseudo second order kinetic model fits well experimental
data, proving that adsorption is mediated by a chemical reaction. CH-Fe(ll) and CH-zZn(ll)
appear very promising for drug elimination, either from hospital waste water or from the
gastrointestinal tract to prevent the emergence of antibiotic resistance.

Keywords: spray-drying, chitosan, metal, ciprofloxacin, adsorption.



1. Introduction
Recently, the scientific community started to consider residual pharmaceuticals as
potential pollutants and research about the behavior of these compounds and their

4 |t has been shown that concentrations of

metabolites has constantly grown
drugs/metabolites in hospital wastewater, sewage treatment plants (STPs), surface water
or even in drinking water range from ng.L? to pg.L™ *>’. In drinking water, although
concentrations are lower than those administered therapeutically, chronic effects on
humans when exposed are still unknown and drugs often present low or no
biodegradability *°.

Antibiotics ™2 as well as resistant bacteria ** have been found in environmental
compartments. Indeed, the intestinal tract is the site where most antibiotic resistance

develops %

In major cases, residual colonic antibiotics provided by of orally
administered or parenterally administered followed by intestinal secretion can give rise to
the emergence of resistance to antibiotics by a process in which commensal resistant
bacteria are first selected in the natural human or animal ecosystems. These bacteria can
then transfer resistance mechanisms horizontally to pathogenic species either in the same
host in whom the resistant commensals have emerged, or in another host after inter-

individual transmission of the resistant commensals %8

. Another possibility is the
rejection of the antibiotic itself in the ecosystem which can as well induce the selection of
resistant bacteria but also induce other adverse effects behaving such as signaling
molecules that may regulate the homeostasis of microbial communities " 1*?!, Moreover,
common receptors have been identified in plants for a number of antibiotics affecting
number of biological process such as chloroplast replication, transcription and translation,
folate biosynthesis, fatty acid synthesis and sterol biosynthesis .

Among all antibiotics, ciprofloxacin, a synthetic fluoroquinolone, is a broad-spectrum
antibacterial agent for oral administration, used to treat various bacterial infections .
However, ciprofloxacin presents a low biodegradability  even in the presence of sewage
treatment plants in effluents **?°, and can still exert its deleterious effect on the
environment % 2’ Moreover, as it is the antibiotic reaches surface water ® **. A study on
the ecotoxicological effects of ciprofloxacin antibiotic in the aquatic environment
demonstrated significant impact on the rate of algal biomass production and algal
community structure 22,

Investigations of technologies to treat effluents containing ciprofloxacin are therefore
crucial. Advanced oxidation processes (AOPSs) like ozone- and photo-based ones have

|29

demonstrated good potentia in transforming ciprofloxacin. Although these AOPs are
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promising alternatives, they generate by-products with low biodegradability 3 and more
research on the environmental characteristics of these compounds is needed. As an
alternative to AOPs, we intend to develop a system that combines the ability of chitosan to
bind metal ions with the natural complexation of antibiotics such as ciprofloxacin with the
same metal ions. Chitosan-metal microparticles were therefore designed for ciprofloxacin
removal.

The polyaminosaccharide chitosan is the deacetylated derivative of chitin, a naturally
occurring polymer found in the shells of crustacean, the cuticles of insects and cell walls of
some fungi ' 2. Due to its biocompatibility, biodegradability, bioactivity and low toxicity,
this biopolymer has been used for flocculation and coagulation in food processing, in
heavy-metal ion recovery from wastewaters and in fabrication of structural matrices for
food, cosmetic, biotechnological and biomedical applications *. Considering the extra
electron pair of nitrogen, chitosan can form polymer-metal complexes with many metal

34-35

cations and is thus used as a metal-ion sorbent. Studies have shown that the metal

ion is complexed with chitosan through the oxygen and the nitrogen of the

aminosaccharide group 3%’

Possible applications of the metal binding property are
wastewater treatment for heavy metal and radio isotope removal with valuable metal
recovery, and drinking water purification for reduction of unwanted metals * Ciprofloxacin
is able of forming strong complexes with multivalent metal ions. The stability of the
complex formed is greatly dependent on the nature of the metal ion involved, and the
environmental conditions. In the case of ciprofloxacin, the complex formation constant with
iron ions is very high and the complex ciprofloxacin:metal stability declines in order: Fe(lll)
= Al(I11) > Cu(ll) > Fe(ll) = Zn (I1) > Mg(ll) > Ca(ll) 3>+

In this paper, the efficiency of chitosan-metal microparticles to adsorb ciprofloxacin was
evaluated as a function of the type of metal ions, the contact time and the concentration of
ciprofloxacin. More important, we tried to give insight into the mechanism of adsorption by

confronting experimental data for both isotherm and kinetics with theoretical models.
2.Materials and methods

2.1 Materials

Chitosan (CH), zinc acetate dehydrate, and ciprofloxacin were obtained from Fluka

(Switzerland). Glutaraldehyde and sodium acetate were provided by VWR (France). Iron

(I chloride was from Acros Organic (Belgium). Hydroxyethylpiperazine-ethanesulfonic
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acid (HEPES), 1-(2-pyridylazo)-2-naphthol (PAN), ammonia buffer (pH 10) for
complexometry, hydroxylamine hydrochloride, 1,10-phenantroline and iron(lll) nitrate were

obtained from Sigma-Aldrich (France). HPLC grade solvents were supplied by Carlo Erba
(Italy).

2.2 Preparation of Chitosan-metal microparticles

Chitosan-metal (CH-metal) complexes were prepared according to a modification of a
procedure previously described 3. Briefly, solutions were obtained by dissolving chitosan
(1% w/v) in a metal ion aqueous solution (FeCl, 0.1M; Fe(NO3); 0.1M and Zn(CH3COO),
0.1M). They were maintained upon magnetic stirring for 12 h at room temperature (20°C)
to yield CH-metal complexation. The metal complexation capacity of chitosan is strongly
affected by the pH of the solution. For each of these metals, there is an optimal
complexation pH which is rather acidic in order to reduce the formation -NH** groups
unfavorable for complexation. Therefore, in our conditions, the pH was fixed at 5 as a
compromise that permits to compare the different chitosan-metal complexes prepared

under the same conditions.

CH-metal microparticles were then prepared by spray-drying. The chitosan-metal complex
solutions prepared above (200 mL) were spray-dried using a Buchi® Mini Spray Dryer,
type B191 (Switzerland) with a standard 0.7 mm nozzle at a feed rate of 5 ml.min™. The
atomizing air flow rate was 600 L.h™ and the aspiration of 100%. The inlet temperature

was controlled at 150°C and the outlet temperature varied between 80-100°C.
2.3 Micropatrticles cross-linking

After spray-drying, CH-metal microparticles were suspended into a 0.025M
glutaraldehyde (GLA) solution to obtain a 1:1 molar ratio with chitosan (mol GLA: mol
NH>). Non-cross-linked microparticles (1 g) were suspended under magnetic stirring for 4
h in a glutaraldehyde solution (25% in acetone, 100 mL). Microparticles were then filtered
and washed with ethanol-water (2:1, v/v) solutions to remove the excess of metal ions and

glutaraldehyde, and finally vacuum-dried for at least 24 h.

2.4 Microparticles size distribution



A Mastersizer 2000 granulometer equipped with a Scirocco dry disperser (Malvern
Instruments, France) was used to determine CH-metal microparticle size distribution.
Average particle size was expressed as the volume mean diameter (D4 3). Polydispersity

was given by the span index, which was calculated according to Eqg. (1):
Span = (Dyg —Dy1) / Dy 1)

where Dgg, Dos and Do are the particle diameters determined respectively at the 90", 50
™ and 10" percentile of undersized particles.

2.5 Scanning Electron Microscopy (SEM)

Microparticle morphology was evaluated by scanning electron microscopy using a LEO
9530, Gemini (France) at an accelerating voltage of 3kV. Prior to observation, samples
were mounted on metal stubs, using carbon-conductive double-sided adhesive tape, and
coated with a 4 nm platinum/palladium layer under vacuum (Cressington 208 HR, Eloise,
France).

2.6 Degree of deacetylation

The degree of deacetylation of the chitosan and CH-metal microparticles was determined
by infrared spectrometry. A thin film of microparticles was used to record an infrared
spectrum using a Spectrum One FT-IR and a Diamond ATR accessory (Perkin Elmer).

The absorbance at 1.655 cm™ for amide-l and at 3.450 cm™ for OH groups in chitosan
were determined. The degree of deacetylation (DDA) was then calculated using Eq. (2) *

DDA) =1~ (A gss | A\ 10) /1.33]x100 @)

where factor 1.33 represents the A; 655/A3.450 ratio for fully N-acetylated chitosan.

2.7 Metal determination

2.7.1 Iron determination



The quantity of iron associated to cross-linked CH-iron microparticles was determined by a
spectrophotometric method using 1,10-phenantroline for colorimetry as described *.
Cross-linked CH-Fe(ll) and CH-Fe(lll) microparticles were first submitted to acid hydrolysis
(100 mg/ 5 mL HCEHNO3; 1:1 v:v). lIron Standards solutions containing different
concentrations of iron (0.1-2.5 pg.mL™) were prepared. Briefly, 1 pl of samples containing
iron ions, 2 mL of hydroxylamine hydrochloride solution (1 g.mL™) and 5 mL acetate buffer
solution were placed in volumetric flasks of 10 mL. 2 mL of 1,10-phenantroline (1g.L™)
stock solution were added and the volume was adjusted to 10 mL with water. After 20 min,
an orange-red complex was formed. Absorbances were measured at 510 nm against free

iron solution using a UV-2101PC spectrophotometer (Shimadzu, Japan).

2.7.2 Zinc determination

The quantity of Zn(ll) associated to chitosan was determined according to a modification of
procedure described in the literature ' %4, Briefly, cross-linked CH-Zn(Il) microparticles
were submitted to acid hydrolysis (100 mg/ 5 mL HCL:HNOg3 1:1 v:v). Standard zinc
solutions containing known concentrations of zinc ions (25 - 300 pg.mL™) were prepared.
1ul of samples containing zinc ions and 1 mL of ammonia buffer solution (pH 10) were
placed into a volumetric flask. 3mL of ethanolic PAN stock solution (5.0x10*M) were
added and the volume was adjusted to 10mL with ethanol. The sample was then shaken
and left to stand in a thermostated water bath for 10 min. at 40°C to allow complete
formation of the PAN-Zn complex. The amount of zinc was determined by measuring the
absorbance at 550nm against free zinc solution (UV-2101PC Shimadzu, Japan).

2.8 Ciprofloxacin adsorption by chitosan-metal microparticles

Adsorption experiments were carried out by a batch technigue. CH or CH-metal
microparticles (CH, CH-Fe(ll), CH-Fe(lll) or CH-Zn(ll)) were incubated at 1mg/mL in
HEPES buffer (pH = 6.5) containing ciprofloxacin at various concentrations (25, 50, 100,
200, 300 and 400 pug.mL™). The flasks were sealed to prevent change in volume of the
solution during the experiments and they were submitted to a gentle tangential stirring, at
37+2°C for 300 min. Samples were taken at pre-determined time intervals (30, 60, 90, 120,
180, 240 and 300 min.), centrifuged at 4000 rpm for 3 min and the supernatant was
analyzed for the remaining ciprofloxacin concentration by high performance liquid



chromatography (HPLC) following method described in section 2.8.1. All experiments were
carried out in duplicates.

The uptake of ciprofloxacin by unit mass of adsorbent (q) at any time was determined from
Eq. (3):

Co—C

q= (3

(e

where C, and C are the initial and remaining unadsorbed ciprofloxacin concentration

(bg.mL™) in solution at any time and « is the microparticle concentration (mg.mL™).
2.8.1 Chromatographic system and conditions

The HPLC system consisted of a Waters 510 pump (with an on-line degasser), a Waters
717plus autosampler, a Waters 470 fluorescence detector and column heater. The
wavelength of excitation was set at 280 nm and the wavelength of emission at 460 nm,
Chromatographic separations were performed in 10 min (flow rate 1mL.min™), at 40°C
using a C18 Symmetry® column (5 pm, 150 x 4.6 mm; Waters, France). The mobile phase
consisted of a mixture of acetonitrile and phosphate buffer solution 10 mM (15:85 v/v),
acidified at pH 3 with orthophosphoric acid. Data acquisition and analysis was performed

using the Azur® software.
2.9 Modeling of sorption equilibrium and kinetics of ciprofloxacin
2.9.1 Modeling of sorption equilibrium
Equilibrium data, commonly known as adsorption isotherms, are basic requirements
for the design of adsorption systems used for removal of organic compounds from

solutions. The Langmuir and Freundlich equations are the most frequently used for data

interpretation. The mathematical description of Langmuir model follows Eq. (4):

K C M,y (4)
ke,

where C¢q is the unadsorbed ciprofloxacin concentrations, and q the uptake of

ciprofloxacin by unit mass of adsorbent given by Eq. 3. Mnax represents a practical limiting



adsorption capacity when the surface is fully covered with antibiotic and K_ is a constant
related to the affinity of the binding sites. K. and Mnyax can be determined from the linear
plot of 1/q versus 1/ Ceq. The Langmuir model assumption is that one adsorption site can
bind one molecule.

The mathematical description of Freundlich model follows Eq. (5):
q = KFCqu (5)

where Kg and g are the Freundlich constants related to the adsorption capacity and
adsorption intensity of the sorbent, respectively. This model can be linearized in

logarithmic form and Freundlich constants can be determined.

2.9.2 Modeling of adsorption kinetics of ciprofloxacin

The adsorption kinetics of ciprofloxacin may be described by pseudo-first-order *°
and pseudo-second-order *® kinetic models. The pseudo-first-order model is based on
sorbent capacity and considers that the rate of occupation of adsorption sites is

proportional to the number of unoccupied sites. The pseudo-first-order equation follows in
Eq. (6):

K al
Log (0., ~a) =109 0, — ;;3t (6)

where geq and g refer to the amount of ciprofloxacin adsorbed (both in ng.mg?) at the
equilibrium time and time t (min), respectively. K1 o¢ (min™) is the equilibrium rate constant
of pseudo-first-order sorption. A straight line of Log(deq — Q) versus t suggests the
applicability of this kinetic model.

The pseudo-second-order equation is also based on the adsorption capacity of the

solid phase and expressed as follows in Eq. (7):

L ! > +it (7)
q K2,adq eq qeq




where Ksaq (Mmg.ugt.min) is the rate constant for pseudo-second-order adsorption
kinetics. If second-order kinetics is applicable, the plot of t/q versus t should give a linear
relationship, from which geq and K; a4 can be determined from the slope and the intercept

of the plot respectively.

3 Results and discussion

3.1 Characteristics of chitosan and chitosan-metal microparticles

When suspended in agueous solution, non-cross-linked chitosan microparticles do
not maintain the form of spheres, especially in an acidic environment: they swell and
dissolve *’. The swelling and dissolution behavior of the microparticles depend on the

degree of deacetylation of chitosan #?

. In order to prepare insoluble/stable chitosan
microparticles suited for drug adsorption, cross-linking agents such as glutaraldehyde, are
generally used *. The morphology of the chitosan and CH-metal microparticles (cross-
linked and non-cross-linked) was examined by scanning electron microscopy (SEM)
(Figure 1). Microparticles are polydisperse in size and present spherical collapsed shapes,
independently of cross-linking. The collapse shape is characteristic of buckled shells due
the quick drying process “®,%°°°. Cross-linking does not influence surface roughness.
Surface roughness of CH microparticles is more important than for CH-metal
micropatrticles, probably due to differences in mechanical properties of CH and CH-metal
solutions as they dry. Characteristics of CH and CH-metal microparticles, either cross-
linked or not are listed in Table 1. Particle size distribution of non-cross-linked
microparticles is rather polydisperse with span values between 2 and 68. The
polydispersity may arise from two phenomena: first, the viscosity of the solutions may lead
to an inhomogeneous droplet distribution in the spray-dryer, second, surface properties
may induce particle sticking. Non-cross-linked CH-Zn(ll) microparticles present the lower
span. Microparticle size distribution is strongly influenced by the cross-linking process.
Indeed, after cross-linking, microparticle size distribution becomes narrower except for CH-
Fe(Il) which remains polydisperse and for CH-Zn(ll) which was already narrow. Cross-
linking may modify the chemistry of particles surface and therefore their tendency to
aggregation.

To assess the efficacy of metal complexation and of cross-linking, the degree of
deacetylation (DDA) of CH and CH-metal microparticles was determined by an infrared

technique. The FT-IR spectra of CH and CH-metal microparticles (crosslinked and non-
10



cross-linked) are given in Figure 2. The bands at 900 and 1050 cm™, characteristic of
saccharide structure, are present in all spectra. The bands corresponding to C-H
stretching are observed at 2864 cm™ and 2932 cm™ and free hydroxyl at 3290 cm™.The
ratio of absorbance of amide | at 1655 cm™ on that of hydroxyl group at 3450 cm™ in the
CH-metal micropatrticles is related to the degree of polymer deacetylation by Eqg. 2. The
DDA of the microparticles decreases from 75% to 19-25% after complexation with metal
ions for non-cross-linked microparticles, indicating that complexation of metal ions with
chitosan polymer takes place by reaction with amine groups of chitosan (Table 1). For all
cross-linked samples the presence of a weak band at 1560 cm™ corresponding to imine
bond (C=N) confirms the reaction between the aldehyde (CHO) and the NH, sites of
chitosan. This reaction may decrease the cytotoxicity as shown previously **. Furthermore,
there is no evidence of a carbonyl band near 1720cm™ indicating that all unreacted
glutarldehyde is removed after the washing procedure. In addition, the DDA decreases

after the cross-linking process.

3.2 Metal determination

Before cross-linking, CH-Fe(ll) and CH-Fe(lll) microparticles contain 66 mg.g™* and 191
mg.g of iron respectively and Ch-Zn microparticles contain 114mg.g™ of zinc. It
correspond to 17.6, 53 and 28.8% of the initial metal. After cross-linking, the metal
concentration decreases: cross-linked chitosan CH-Fe(ll) microparticles contain 45 mg.g™
iron whereas cross-linked chitosan CH-Fe(lll) microparticle contain 130 mg.g™ iron,
corresponding respectively to 12% and 36% of initial Fe(ll) and Fe(lll). Cross-linked CH-
Zn(ll) showed 87 mg.g™, corresponding to 22% of Zn(ll) added in the reaction. The
decrease of the metal associated to microparticles after cross-linking indicates that the
amine groups implicated in the cross-linking are also implicated in the association with
metal ions. This result confirms the decrease of the DDA observed after cross-linking.

3.3 Ciprofloxacin adsorption by chitosan-metal microparticles
3.3.1 Uptake capacity of the chitosan-metal microparticles
The effect of contact time on ciprofloxacin adsorption was analyzed by plotting

uptake capacity (q) versus time, for 25, 50, 100, 200, 300 and 400 pg.mL* initial

ciprofloxacin concentrations, at constant temperature (37°C). Initially, a large number of
11



adsorption sites are free and ciprofloxacin adsorption occurs quickly. The adsorption
equilibrium of ciprofloxacin onto CH and CH-Fe(ll) microparticles is reached after 30 min
only (Fig. 3 (1) and (2)). Almost no significant improvement is observed for longer contact
times. For these microparticles, the initial ciprofloxacin concentration does not influence
the equilibrium time.

By contrast, the adsorption equilibrium of ciprofloxacin onto CH-Fe(lll) and CH-
Zn(Il) microparticles seems to be influenced by the initial ciprofloxacin concentration. For
low ciprofloxacin concentrations (25; 50 and 100 pg.mL™) the equilibrium state was
reached around 120 min and 180 min for CH-Fe(lll) and CH-Zn(ll), respectively [Fig. 3 (3)
and (4)]. For higher ciprofloxacin concentrations (200; 300 and 400 pg.mL™) the
equilibrium state was achieved at 300 min. No significant adsorption improvement can be
observed for longer contact times (8 and 24h, data not shown). For example for an initial
ciprofloxacin concentration of 400 pg.mL™, one milligram of CH-Fe(lll) microparticles can
adsorb up to 305, 320 and 304 pg after 5, 8 and 24h, respectively. One milligram of CH-
Zn(ll) microparticles can adsorb up to 330, 325 and 328 ug ciprofloxacin after 5, 8 and
24h, respectively.

Indeed the initial ciprofloxacin concentration can influence the adsorption process.
To verify this influence, the effect of initial ciprofloxacin concentration was studied between
25 to 400 pg.mL™, for all microparticles and the uptake capacity (qs0) and adsorption
yields at 300min are presented in Table 2. The equilibrium ciprofloxacin uptake was
significantly enhanced as the initial concentration of ciprofloxacin increased from 25 to 400
ng.mL™. For CH microparticles, the uptake capacity increases from 2.8 to 32.9 pg.mg™*
whereas for CH-Fe(ll) it increases from 8.7 to 105.7 pg.mg™>. The presence of the metal
strongly enhances microparticle adsorption capacity. This increase is even more obvious
for CH-Fe(lll) and CH-Zn(ll) for which the uptake capacity increases from 20.5 to 305.3
pug.mgt and from 15.5 to 302 pg.mg?, respectively. The equilibrium uptakes and
adsorption yields of CH-Fe(lll) and CH-Zn(ll) were much higher than those of CH-Fe(ll)
and CH micropatrticles (Figure 4). This variation in the sorption capacity between the
sorbents is related to the amount of metal ions associated to microparticles: the higher the
metal associated to chitosan, the higher the ciprofloxacin adsorption. However, although
there is less Zn(ll) than Fe(lll) associated to CH, the affinity of ciprofloxacin with Zn(ll) is

higher, therefore leading to a better adsorption capacity for CH-Zn(ll) microparticles.
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3.3.2 Adsorption isotherms

In order to optimize the design of an adsorption system it is important to establish
the most appropriate model for the equilibrium isotherms. These isotherms were
determined by incubating microparticles (1 mg.mL™?) in a HEPES buffer solution containing
ciprofloxacin at various concentration (25 — 400 ug.mL™) and plotting log(geq) (adsorption
capacity at time 300 min = at equilibrium) versus log(Ceq) (equilibrium concentration of
ciprofloxacin) (Figure 5). Neither the Langmuir model nor the Freundlich one fit
experimental data. For CH and CH-Fe(ll) microparticles, experimental data can be fitted by
a straight line whose slope is equal to one. Saturation seems to start for CH-Fe(ll) around
100 pg.mg™. For CH-Fe(lll) and CH-Zn(ll) microparticles, the plot is bilogarithmic with a
n=2 initial slope, followed by a plateau indicating saturation around 200 pg.mg™’. These
data suggest that the adsorption site of CH or CH-Fe(ll) can bind a single ciprofloxacin
molecule whereas the adsorption site of CH-Fe(ll) and CH-Zn(Il) microparticles can bind

two ciprofloxacins.

3.3.3 Adsorption kinetics

Adsorption kinetics has been proposed to elucidate the origin of adsorption. The
mechanism of adsorption depends on the physical and chemical characteristics of the
sorbent as well as on the mass transport process. To investigate whether the mechanism
of ciprofloxacin adsorption on CH-metal microparticles occurs by mass transfer
(physisorption) or chemical reaction (chemisorption), two kinetic models were examined:
the pseudo-first-order model **> and the pseudo-second-order model *. The first-order rate
constant (K1,ag) and gsoo0.1 caic Values are presented with the correlation coefficients in Table
4. The Ky a9 values do not seem to be influenced by ciprofloxacin initial concentration or
the particles used. In addition, theoretical gsgo values obtained from the first-order kinetic
model do not give reasonable values. Using Eq (7), t/q was plotted against t, and second-
order adsorption rate constant (Kzag) and equilibrium uptake values (Qso0.2cac) Were
determined from the slope and the intercept of plots (data not shown). Values of K, 54 and
O300.2,calc @nd of correlation coefficients are presented in Table 4. The correlation coefficient
of pseudo-second-order equation is always higher than that of pseudo-first-order. In
addition the theoretical gsoo value calculated from the pseudo-second-order model is closer

to the experimental gsgo value than the one obtained from the pseudo-first-order model.
13



The pseudo-second-order adsorption mechanism is predominant for the adsorption of
ciprofloxacin on CH-metal micropatrticles indicating that the adsorption process is mainly
due to chemisorption. The chemisorption of ciprofloxacin on CH-metal microparticles may
arise from the presence of the carboxylic group and the keto oxygen group as observed by
others 3. For Fe(lll) and Zn(ll) that are hexavalent one CH-Metal complex may bind two
ciprofloxacins and for Fe(ll) that is tetravalent only one ciprofloxacin may be bound to CH-
Fe(ll) in agreement with the slope of the adsorption isotherms. Additional structural studies
using techniques such as X-ray absorption spectroscopy should be performed to

determine the exact organization of the CH-metal-quinolone complexes *.

Conclusion

Chitosan-metal microparticles were prepared by a conventional spray-drying method
followed by crosslinking using glutaraldehyde. Their capacity to adsorb ciprofloxacin, an
antibiotic often responsible of the emergence of antibiotic resistance, was investigated as
a function of contact time and initial drug concentration. Results show that the adsorption
isotherms are fitted either by monologarithmic model for CH and CH-Fe(ll) microparticles
with one ciprofloxacin per adsorption site, or by a bilogarithmic model with a initial slope of
two for CH-Fe(lll) and CH-Zn(Il) with two ciprofloxacins per adsorption site. In addition, the
adsorption kinetics are well described by a pseudo-second-order kinetic model, indicating
that the adsorption mechanism is controlled by chemisorption. CH-Fe(lll) and CH-zZn(ll)
microparticles present a high adsorption capacity of ciprofloxacin, revealing that these
particles could be employed as promising adsorbent for ciprofloxacin removal either from
hospital waste water or from the gastrointestinal tract to prevent the emergence of

antibiotic resistance.
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Table 1
Physiochemical characteristics of non-cross-linked and cross-linked chitosan and CH-

metal microparticles

Non-cross-linked Cross-linked
Microparticle DDA DDA
Do Dos Dos Dags Span Do Dos Dos Da3 Span
(%) (%)
0.73 2.66 183.71 36.1 68.7 0.74 2.88 8.68 27.47 2.7
CH 75 26
+0.01 +0.02 | #1293 | #1.61 +5.38 +0.01 +0.08 +1,29 +4.83 +0.37
2.69 9.85 185.46 | 54.84 18.5 1.59 4.34 151.64 | 36.71 345
CH-Fe(l) 23 22
+0.02 +0.34 +8.65 +2.05 +0.34 +0.01 +0.01 +4.60 +0.39 +1.03
1.95 6.02 167.72 | 42.96 27.4 1.47 4.63 30.56 29.51 6.2
CH-Fe(ll1) 19 14
+0.13 +0.36 | +20.98 | *4.21 +2.10 +0.01 +0.01 +2.46 +0.54 +0.53
0.71 3.85 9.68 20.88 2.3 1.12 4.58 12.50 20.12 2.4
CH-zn(I1) 25 13
+0.01 +0.04 +0.33 +1.59 +0.07 +0.02 +0.10 +2.07 +2.07 +0.05
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Figure 1. SEM figures of chitosan and CH-metal microparticles obtained by spray drying
from aqueous solutions followed by cross-linking: (A) CH; (B) CH-Fe(ll); (C) CH-Fe(lll); (D)
CH-Zn(Il).
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Figure 2: FT-IR spectrum of CH (1), CH-Fe(ll) (2), CH-Fe(lll) (3) and CH-zZn(ll) (4)
microparticles; (a) non-cross-linked and (b) cross-linked, for determining the degree of
deacetylation using transmittance ration of amide-I (1.655 cm™) and hydroxyl group (3.450

cm™).
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Figure 3: Effect of contact time and initial ciprofloxacin concentrations (25 — 400 pug.mL™)
on ciprofloxacin adsorption on CH (1), CH-Fe(ll) (2), CH-Fe(lll) (3) and CH-zZn(ll) (4)
microparticles, in HEPES buffer (pH = 6.8, at 37°C).
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Table 2: Comparison of the equilibrium uptake and adsorption yields of ciprofloxacin at

different initial concentration to the CH, CH-Fe(ll), CH-Fe(lll) and CH-zn(ll)
microparticles.
Ciprofio- CH . CH-Fe(ll) ' CH-Fe(lll) . CH-Zn(ll) .
xacin J300 Adsorption J300 Adsorption Q300 Adsorption J300 Adsorption
(gmL™) | (ug.mg™) (%) (Hgmg™) (%) (Hg-mg™) (%) (hgmg™) (%)
25 2.8+0.13 11.2 8.7+1.75 34.8 20.5+1.22 82.0 15.5+0.36 62.0
50 4.1+1.00 8.2 17.2+0.47 34.4 43.4+4.68 86.8 39.445.10 78.8
100 8.242.17 8.2 33.8+3.67 33.80 90.6+6.19 96.6 86,7+4,58 86.7
200 16.1+3.33 8.1 69.9+2.78 35.0 186.5+1.23 93.2 180.1+1.21 90.1
300 23.1+4.41 7.7 99.2+0.65 33.1 262.3+9.73 87.4 241.2+2.25 80.4
400 32.9+1.51 8.2 105.7+4.61 26.4 305.3+24.8 76.3 302.1+1.51 75.5
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Figure 4: Adsorption capacity at equilibrium of ciprofloxacin by CH, CH-Fe(ll), CH-Fe(lll)
and CH-Zn(Il) microparticles as a function of ciprofloxacin initial concentration, in HEPES
buffer (pH = 6.8, at 37°C).
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Figure 5: Adsorption isotherms of ciprofloxacin on CH, CH-Fe(ll), CH-Fe(lll) and CH-Zn(ll)
microparticles, in HEPES buffer (pH = 6.8, at 37°C). Dotted line represent the position of

the adsorption saturation.
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Table 3: Comparison of the first- and second-order rate constants and calculated and experimental gsqo vValues obtained at different

initial ciprofloxacin concentration for CH and CH-metal microparticles.

Pseudo-first-order kinetic Pseudo-second-order kinetic
Microparticles COL-l Gaoo -1 K1 ad 03001, calc R.2 K2,ad 0300,2, calc R,2
(pgm ) (p'gmg ) (X10-3min—1) (ugmg—l) 1 (X10—3mg.ug—1.min—l) (ugmg—l) 2

CH 25 2.8 2.30 0.56 0.7579 25.15 1.83 0.9398
50 4.1 12.20 0.73 0.6327 44.66 4.20 0.9967

100 8.1 12.20 0.05 0.9638 0.49 13.64 0.3392

200 16.1 4.83 0.04 0.8489 1.53 13.66 0.8965

300 23.1 10.13 0.15 0.9663 0.61 24.44 0.8143

400 32.9 11.05 0.18 0.9620 0.59 34.73 0.8739

CH-Fe(ll) 25 8.71 2.76 0.25 0.7487 17.20 6.88 0.9961
50 17.2 2.76 0.07 0.5627 9.34 13.56 0.9948

100 33.8 2.30 0.001 0.2172 8.96 27.39 0.9879

200 69.9 3.22 0.19 0.9907 1.24 54.34 0.9878

300 99.2 4.60 0.18 0.7662 1.15 88.49 0.9903

400 105.7 2.76 0.17 0.9236 1.78 90.09 0.9959

CH-Fe(lll) 25 20.5 1.84 0.07 0.7232 10.99 15.87 0.9973
50 43.4 2.07 0.16 0.9558 2.10 26.24 0.9840

100 90.6 2.07 0.25 0.9452 0.81 54.05 0.9631

200 196.5 1.61 0.33 0.9572 0.42 101.01 0.9680

300 262.3 2.53 0.35 0.9222 0.29 169.49 0.9758

400 305.3 24.64 0.48 0.8474 2.65 307.03 0.9490

CH-zn(Il) 25 15.5 6.22 0.07 0.9940 0.66 15.64 0.7373
50 39.3 0.92 0.01 0.1068 2.07 30.30 0.9883

100 86.7 4.37 0.14 0.6522 1.47 78.74 0.9891

200 180.1 1.15 0.17 0.1009 4.44 153.84 0.9903

300 262.3 3.22 0.33 0.7236 0.35 222.23 0.9669

400 332.1 12.20 0.44 0.8153 0.01 326.31 0.9620
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