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ABSTRACT. 

The  majority  of  the  currently  used  and  developed  anti-infectives  are  poorly  water-soluble 

molecules. The poor solubility might lead to limited bioavailability and pharmacological action 

of the drug. Novel pharmaceutical materials have thus been designed to solve those problems 

and  improve  drug  delivery.  In  this  study,  we  propose  a  facile  method  to  produce  sub-

microcarriers (sMCs) by electrostatic gelation of anionic ß-Cyclodextrin (aß-CD) and chitosan. 

The  average  hydrodynamic  size  ranged  from  400-900  nm  by  carefully  adjusting  polymer 

concentrations  and  N/C  ratio.  The  distinct  host-guest  reaction  of  Cyclodextrin  derivative  is 

considered as a good approach to enhance solubility, and prevent drug recrystallization, and thus 

was used to  develop sMC to improve the controlled  release profile  of a poorly soluble and 

clinically relevant anti-infective Ciprofloxacin. The optimal molar ratio of Ciprofloxacin to aß-

CD was found to be 1:1, which helps maximize encapsulation efficiency (~90%) and loading 

capacity  (~9%)  of  Ciprofloxacin  loaded  sMCs.  Furthermore,  to  recommend  the  future 

application of the developed sMCs, the dependence of cell uptake on sMCs size (500, 700, and 

900 nm) was investigated in vitro on dTHP-1 by both flow cytometry, and confocal microscopy. 

The results demonstrate that, regardless of their size, an only comparatively small fraction of the 

sMCs  was  taken  up  by  the  macrophage-like  cells,  while  most  of  the  carriers  were  merely 

adsorbed to the cell surface after 2 h incubation. After continuing the incubation to reach 24 h, 

the majority of the sMCs was found intracellularly. However, the sMCs had been designed to 

release sufficient amount of drug within 24 h, the subsequent phagocytosis of the carrier may be 

considered as an efficient  pathway for its  safe degradation and elimination.  In summary, the 
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developed sMC is a suitable system with promising perspectives recommended for pulmonary 

extracellular infection therapeutic.

KEYWORDS: Ciprofloxacin, polysaccharide, macrophage uptake, Cyclodextrin, Chitosan, drug 

delivery, pulmonary delivery.

ABBREVIATIONS

sMC – sub-microcarrier; Cipro – Ciprofloxacin; CD – Cyclodextrin; CD – Cyclodextrin; ß-CD – 

ß-Cyclodextrin; aß-CD – anionic ß-Cyclodextrin; CLSM - Confocal Laser Scanning Microscopy; 

FC - Flow Cytometer.
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1. Introduction

Drug bioavailability is often limited by poor water-solubility.1–6 This does not only hold true for 

systemic bioavailability after oral administration, but also for drug delivery to the lungs, which is 

of increasing relevance for the treatment of respiratory bacterial infections.3,6–8 While the total 

epithelial  surface area of the lungs is quite large (approximately 140-160 m2), the amount of 

liquid covering the air space of the lungs as a rather thin lining (not more than 30 µm) is not 

more than approximately 40 mL.5,6,9,10 The problem of poor drug solubility  has already been 

recognized  in  the  contexts  of  a  so-called  inhalation  biopharmaceutical  classification  system 

(iBCS), and is, in particular, relevant for anti-infective, which must be typically administered in 

rather high doses of 100 mg and more.11 While increasing drug solubility in the pulmonary lining 

fluid is one part of the problem, it is also important to keep the concentrations of anti-infective in 

this compartment above the minimally inhibitory concentration as long as possible.12 This again, 

however, is impeded by the rather efficient clearance mechanisms of the lungs, which includes 

besides  systemic  absorption  across  the  air-blood  barrier  also  mucociliary  clearance.13 For 

particulate matter, e.g. drug carrier systems, clearance by alveolar macrophages is of additional 

importance.14 For these reasons, novel pharmaceutical materials are needed, which allow on the 

one hand to significantly enhance the solubility of poorly water-soluble drugs, and on the other 

hand to prepare carrier systems capable to control drug release over a longer period of time, and 

at  the  same time  capable  to  escape  from premature  mucociliary  or  macrophage  clearance.15

While true nanoparticles (< 100 nm) might be too small for such purposes, the so-called sub-
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micron range (i.e., 100-900 nm) appears to provide the best opportunities.16 In the end, it must 

not  be ignored that  for  efficient  deposition  in  the  respiratory  tract,  such carriers  need to  be 

formulated as pharmaceutical aerosols with adequate aerodynamic properties, i.e., typically an 

aerodynamic diameter between 1-5 µm.17 Nevertheless, as a plethora of novel technologies to 

convert nanoparticles into respirable aerosol powders,18 as well as novel dry powder inhalation 

(DPI) devices, have been described in the recent years,19–24 we have decided to focus on the two 

aforementioned biopharmaceutical problems. Firstly, we investigated pharmaceutical excipients 

that can not only significantly improve the water solubility of poor water-soluble antibiotics, but 

also allow the fabrication of submicron sized carriers, capable to provide good loading capacity 

(~10%) and encapsulation efficacy (>90%), as well as controlled release of the active over a 

period of 24 h.  Secondly,  such material  should be non-toxic and biodegradable to be safely 

eliminated  from  the  body  once  its  task  has  been  accomplished.

Cyclodextrins  (CDs)  are  interesting  amphiphilic  molecules,  which  have  a  unique  structure 

consisting  of  a  lipophilic  cavity  and hydrophilic  moieties.25,26 Such particular  structure  helps 

enhance the solubility of poorly soluble or even insoluble low molecular weight (Mw) molecules 

by forming host-guest complex inclusion.27,28 The inclusion complex is also considered as a good 

approach to prevent the polymorphism and crystallization for some particular drug molecules.29,30 

Hence, CD derivatives have already been widely used in many pharmaceutical applications to 

improve solubility and thus bioavailability.31–33 However, applying the drug-CD inclusion still 

suffers from the problem of rapid release and burst effect. Hence, formulation of CDs into nano- 

and  micro-size  carriers  has  been  studied  to  further  improve  drug  delivery  by  CD inclusion 

complexes for various route of administration, including pulmonary delivery.34,35 For the latter 

study, we have chosen Ciprofloxacin, which is the drug of choice for the treatment of pulmonary 
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infections  by  Pseudomonas  aeruginosa,36,37 but  for  which,  as  a  consequence  of  the 

aforementioned problems, pulmonary delivery is still challenged, and a marketed formulation is 

still not available.

Chitosan,  in  turn,  has many good promising properties  for medical  applications.  It  has been 

studied  and  applied  in  drug  delivery research,  including  small  drug  molecules,  proteins  or 

nucleic acids delivery, as a biodegradable polysaccharide.38–40 Furthermore, the safety of chitosan 

appears to be favorable as the result from several clinical trials.41–43 A moderate  cationic net 

charge of the polymer and formulation thereof might lead to a favorable bioadhesive interaction 

with mucosal surfaces.44–47

In this study, we propose a novel sub-microcarrier (sMC) composed of ß-Cyclodextrin derivative 

and chitosan. In order to form a colloidal charge mediated complex with chitosan, anionic ß-

Cyclodextrin (aß-CD) derivative was prepared by complete oxidation of primary alcohol groups 

(the preparation strategy is described in Scheme 1). Stable sub-microcarriers (sMCs) could be 

easily obtained by simply assembling the two polymers in aqueous solution.  This simple but 

flexible  particle  preparation method allowed generating  particles  with average hydrodynamic 

size in the range from 400 nm to 900 nm. The process was optimized and varied by changes of 

(i) initial polymer concentration, and (ii) molar ratio of amine and carboxylate groups (N/C ratio) 

in chitosan and aß-CD, respectively. Poorly water-soluble drug loading capacity of the sMCs 

was  investigated  with  a  medical  relevant  anti-infective,  Ciprofloxacin  (Cipro).  Drug-loaded 

sMCs having similar colloidal characteristics with that of drug-free sMCs could be obtained by 

performing the same process with Cipro_aß-CD inclusion complex.
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Scheme  1. General  description  of  experimental  design:  anionic  ß-Cyclodextrin  (aß-CD) 

synthesis, drug-free sub-microcarrier (sMC), and Ciprofloxacin (Cipro) loaded sMC preparation.

In subsequent studies, we could demonstrate that these sMCs could significantly enhance the 

solubility of Ciprofloxacin in a physiological relevant liquid, and improve its controlled release 

profile,  as  well  as  show good biocompatibility  with  human  cell  lines  (macrophage-like  cell 

differentiated  THP-1  (dTHP-1)  and  lung  epithelial  cell  NCI-H411).  Furthermore,  the  size-

dependence of cellular binding and uptake for sMC was investigated by flow cytometry (FC), 

and confocal microscopy (CLSM) using the macrophage-like cell line dTHP-1 as a model.
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2. Materials and Methods

2.1. Materials

Ultrapure chitosan chloride salt (Mw of ~90 kDa; Protasan® UP CL113 with a deacetylation 

degree  of  75-90%)  was  obtained  from  FMC  Biopolymer  AS  Novamatrix  (Norway).  ß-

Cyclodextrin (ß-CD) (CAVAMAX®W7) was obtained from Wacker Chemie AG (Germany). 

Ciprofloxacin,  4-chloro-7-nitrobenzofurazan  (NBD-Cl),  2,2,6,6-Tetramethyl-1-piperridinyloxy 

(TEMPO),  sodium hypochlorite  solution  (12% (w/w))  (NaOCl),  D2O,  Acetic  acid,  Ethanol, 

Sodium hydroxide, Sodium borohydride (NaBH4), Phosphotungstic acid (PTA) were purchased 

from  Sigma-Aldrich  and  used  as  received.  Purified  water  is  produced  by  Milli-Q  water 

purification system (Merk Millipore, Billerica, MA). RPMI 1640 with L-Glutamine 0.05% (v/v) 

and  Trypsin  EDTA  (1x)  were  purchased  from  Gibco®,  Life  Technologies  (Invitrogen 

Corporation, USA).  Penicillin-Streptomycin (Pen/Strep)  (10,000  U/mL) and  4,6-diamidino-2-

phenylindole (DAPI) were also purchased from Invitrogen Corporation. SAGM™ Small Airway 

Epithelial Cell Growth Medium was purchased from Lonza (Switzerland). Fetal Bovine Serum 

(FBS), Dulbecco’s Phosphate Buffered Saline (PBS),  Thiazolyl Blue Tetrazolium Blue (MTT), 

Phorbol 12-myristate  13-acetate  (PMA),  dimethyl  sulfoxide (DMSO) and Triton X-100 were 

purchased  from  Sigma-Aldrich  (USA).  Rhodamine-labeled  Ricinus  Communis  Agglutinin  I 

(RCA I) was purchased from Vector Laboratories Inc. (USA). Paraformaldehyde (PFA) 16% 

solution  was  obtained  from  Electron  Microscopy  Science  (USA).  Fluorescence  Mounting 

Medium was purchased from Dako (Denmark).
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2.2 Material synthesis

Anionic ß-Cyclodextrin (aß-CD) synthesis. We aimed to obtain a complete oxidation of ß-

CD’s primary face. aß-CD was prepared by selective oxidation of primary alcohol groups of ß-

CD in present of TEMPO and NaOCl showed in Scheme 1.48–50 The synthesis procedure was 

modified and optimized from Fraschini  et al.51. Briefly, dried ß-CD was dissolved in Milli-Q 

water at 50 °C, at 0.1% (w/w) concentration. The solution was then cooled to room temperature 

(RT), and TEMPO (using 0.65% of primary alcohol group’s molar) was added. Four times molar 

of NaOCl (compared to primary alcohol group’s) in its (12% (w/w)) solution was added slowly 

to the solution in 2 h, which allows the carboxylation process to happen. During the addition of 

NaOCl, pH of the mixture was adjusted to the range 8.5 - 9.0 by 1 M sodium hydroxide solution. 

After that, NaBH4 was added slowly, and the mixture was stirred at RT overnight and purified by 

membrane  dialysis  (molecular  weight  cut-off  (MWCO) 100-500 Da,  Spectrum Labs,  USA). 

Purified water  was used for dialysis.  The product was dried by lyophilization  (Alpha 2 -  4, 

Martin Christ GmbH, Osterode, Germany), and characterized by 1H NMR (Bruker Fourier 300) 

and FTIR (Spectrum 400 FT-IR/FT-NIR spectrometer (PerkinElmer)).

Green fluorescent labeled Chitosan synthesis. Chitosan was solubilized in purified water at 

0.05% (w/w) concentration,  one day before reaction.  Ethanol was then added to the chitosan 

solution until the ratio of Ethanol to water reached 1.2:1 (v/v). After that, 30 equivalent molar of 

the fluorescent reagent NBD-Cl was added, and the reaction was carried out for 24 h, at RT 

(shown in Scheme S1). The product was purified by membrane dialysis (MWCO 30,000 Da, 

Spectrum  Labs,  USA)  against  an  excess  of  purified  water.  The  product  was  dried  by 

lyophilization (Alpha 2 - 4, Martin Christ GmbH, Osterode, Germany).
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Optimization of anionic ß-Cyclodextrin_Ciprofloxacin (aß-CD_Cipro) inclusion. 

The aß-CD_Cipro inclusion was studied by proton nuclear magnetic resonance (1H NMR, Bruker 

Fourier  300),  isothermal  titration  calorimetry  (ITC),  fourier-transform  infrared  spectroscopy 

(FTIR,  Spectrum  400  FT-IR/FT-NIR  spectrometer  (PerkinElmer)),  and  scanning  electron 

microscopy (SEM). 

1H NMR and ITC were used to identify the optimal molar ratio of aß-CD to Cipro in the complex 

inclusion. To study the inclusion by 1H NMR, the appropriate amount of Cipro was dissolved in 

D2O for recording its 1H NMR used as a control. aß-CD and Cipro were prepared as the powder 

in the same flask with the correct molar ratio of aß-CD to Cipro ranged 1:8, 1:4, 1:2, 1:1, 2:1, 4:1 

and 8:1, respectively. The powder mixture was then dissolved in 0.5 mL D2O. The mixture was 

stirred at 50 °C for 2 h and then kept at RT overnight. The  1H NMR spectra of all resulting 

solutions were analyzed. The shifting of the proton at ‘a’ position on Cipro’s structure (Figure 

1A) was obtained to identify the optimal molar ratio of aß-CD and Cipro in the inclusion.

The  inclusion  complex  of  aß-CD  and  Cipro  was  also  investigated  by  isothermal  titration 

calorimetry  (ITC)  using  a  NanoITC  2G  (TA  Instruments).  The  measurement  was  used  to 

optimize aß-CD to Cipro molar ratio in the inclusion thereof maximizing drug loading in Cipro 

loaded sMC production. Briefly, a 7.5 mM solution of aß-CD was prepared in a 250 µL syringe 

and used to saturate 1.5 mL of Cipro solution at a concentration of 0.6 mM filled in the sample 

cell. Following an initial delay of 1000s, 250 µL of the aß-CD solution was repeatedly injected 

into the sample cell with a spacing of 3000s between injections, and at a reference power of 10 

µCal/s. The final thermogram and thermodynamic parameters were produced by subtracting the 

heat of dilution of aß-CD (7.5  mM in 1.5 mL milliQ water), followed by fitting using the One 

Set of Sites model in the data analysis software NanoAnalyze. The free energy of binding (∆G) 
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was calculated  using the equation ∆G = ∆H - T∆S,  where ∆H is  the enthalpy change, T is  

temperature (Kelvin), and ∆S is the change in entropy. All measurements were performed at 25 

°C.

For further drug loaded sMC formulation, the inclusion complex was prepared with the optimal 

molar ratio of aß-CD and Cipro, which was obtained from 1H NMR and ITC analysis. Briefly, 

the two compounds were accurately weighed in a flask, then dissolved in purified water to a final 

concentration of 0.5% (w/w). The mixture was stirred at 50 °C for 2 h, and then at RT overnight 

to  form the inclusion complex (Scheme 1).  The inclusion formation was further checked by 

keeping the resulting solution at 4 °C for 24 h to observe the crystallization phenomenon in 

comparison to the control, a Cipro 0.1% (w/w) solution which crystallized at these conditions. 

The aß-CD_Cipro complex was collected from the solution by lyophilization (Alpha 2-4, Martin 

Christ GmbH, Osterode, Germany). The obtained product was visualized by SEM (details in 

section 4.5), and confirmed by FTIR.

Comparison  of  solubility.  The  solubility  of  the  aß-CD_Cipro  inclusion  in  PBS,  at  10% 

concentration (w/w) and 37 °C, was compared to Cipro solubilized in addition of HCl 1N, and 

Cipro crystal obtained from Cipro solution kept at 4 °C (as mentioned). The solubility degree of 

Cipro after predetermined time points was normalized and presented in percentage of solubilized 

Cipro in PBS solution. Three independent experiments were conducted in triplicates, and results 

expressed as the mean ± standard deviation (SD).

2.3. ß-Cyclodextrin-Chitosan based sub-Microcarrier (sMC) preparation

Drug-free sMC preparation. The sMC was prepared by electrostatic gelation of the anionic 

macromolecule,  aß-CD, and cationic  polymer,  chitosan  (Mw of  ~90 kDa),  in  purified  water 
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(Scheme  1).  Characteristics,  especially  hydrodynamic  diameter,  of  the  resulting  sMCs  were 

carefully varied by changes of initial  solution of aß-CD and chitosan, and the molar ratio of 

amine to carboxylate functional groups (N/C ratio). Briefly, the solutions of aß-CD and chitosan 

were prepared at a defined concentration (detailed information shown in Table S1). Chitosan 

solution was adjusted to pH value 5.5 and pre-warmed at 40 °C for 30 min before assembling 

with the appropriate amount of aß-CD solution. The mixture was vortexed for 2 min and allowed 

to stand at RT for 3 h to allow equilibration of stable colloids before further characterization and 

experiments.  The characteristics of sMCs were obtained from more than three independently 

different batches.

Fluorescent sMCs were prepared by the same method as drug-free sMC but with 10% (w/w) 

NBD-Cl-labeled chitosan/total chitosan. 

Stability of sMCs in cell culture medium.  The colloidal stability of different sMC size (500 

nm, 700 nm, 900 nm) in cell culture medium was investigated by incubating particle suspensions 

in serum-free RPMI medium, at 37 °C. Samples were analyzed by DLS (for hydrodynamic size, 

PDI, and ζ-potential) after predetermined incubation times (2 h and 24 h). Three independent 

experiments  were  conducted  in  triplicates,  and  results  expressed  as  the  mean  ±  standard 

deviation (SD).

2.4. Drug-loaded sMCs

2.4.1. Preparation and optimization of Ciprofloxacin loaded sMCs

Preparation  of  drug-loaded  sMCs  (Cipro  loaded  sMCs). The  drug  loaded  sMCs  were 

prepared using the same protocol as drug-free sMCs (mentioned in section 4.3) procedure in 

which  aß-CD  was  replaced  by  aß-CD_Cipro  inclusion  (Scheme  1).  The  drug-loaded  sMC 
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preparation  using  chitosan  as  a  countering  polymer  was  optimized,  whereby the  anionically 

charged inclusion was dissolved in MiliQ water at the same concentration as aß-CD, followed by 

the  addition  of  appropriate  amount  of  pre-warmed  chitosan  solution  for  the  assembly.  The 

mixture was then vortexed for 2 min and allowed to equilibrate before further experiments and 

analysis as described in drug-free sMC formation. Characteristics of resulting sMCs were also 

varied by initial polymer concentration and N/C ratio (detailed information is shown in Table 

S2). All Cipro loaded sMC samples were prepared in minimum three independently different 

batches. 

Drug loading quantification. The Cipro loading was determined indirectly by measurement of 

the free drug in the supernatant (amount inside = initial amount – amount in the supernatant).  

Drug  quantification  was  done  by  fluorescent  intensity  analysis  of  Cipro  at  330/430  nm 

(Ex/Em).29 A Calibration curve was performed with nine different defined concentrations ranged 

from 0 to 10 µg/mL of Cipro in water (r2=0.9939). All standards were measured five times, and 

all measurements were done at RT (Figure S1 shows the calibration curve).

The  encapsulation  efficiency  (EE%)  and  the  drug  loading  capacity  (LC%)  were  calculated 

according to the following equations:

EE %=Weight of encapsulated drug∈nanoparticles
Initialweight of used drug

x100

LC %=Weight of drug∈nanoparticles
Weight of nanoparticles

x100

Whereas  “Weight  of nanoparticles”  was calculated  as (Weight  of nanoparticles  = Weight  of 

polymeric materials + Weight of encapsulated drug in nanoparticles).

Three independent experiments were conducted in triplicates, and results expressed as the mean 

± standard deviation (SD).
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2.4.2. Drug release study

Ciprofloxacin release profiles from the aß-CD_Cipro inclusion complex and Cipro loaded sMCs 

900 nm was performed in PBS (pH 7.4) at 37 oC. Briefly, either aß-CD_Cipro inclusion or Cipro 

loaded sMCs was diluted in PBS to have final Cipro concentration at 10% (w/w) and loaded into 

dialysis membrane (MWCO 100-500 Da, Spectrum Labs, USA). After that, the whole system 

was put into 20 mL PBS and placed on a shaker at 400 rpm at 37 °C. The concentration of 

released drug was analyzed by collecting samples from the supernatant during the period from 30 

min to 24 h. The volume was kept constant by refilling with an identical volume of PBS. The 

cumulative  released  drug  (%)  was  calculated  (mean   SD  of  n=3).  Three  independent 

experiments  were  conducted  in  triplicates,  and  results  expressed  as  the  mean  ±  standard 

deviation (SD).

2.5. Characterization methods

sMC characterization.  The  sMC characteristics,  including  average  hydrodynamic  diameter, 

polydispersity  index (PDI),  and  ζ-potential,  were measured using a Zetasizer  Nano (Malvern 

Instruments, Malvern, UK) at 25°C. 

Transmission Electron Microscopy (TEM). The morphology of sMC colloid was investigated 

by  Transmission  Electron  Microscopy  (TEM,  JEM  2011,  JEOL).  Samples  for  TEM  were 

prepared by  adding appropriate amount of sMC suspension on a copper grid (carbon films on 

400 mesh copper grids, Plano GmbH, Germany). The grid was blotted after 10 min incubation, 

and samples were stained with 0.5% (w/w) of PTA solution to enhance the contrast for TEM 

visualization.
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Fluorescent  Microscopy. Green  fluorescent  sMC  900  nm  was  visualized  by  Fluorescent 

Microscopy (Nikon Ti-U, Netherlands) before in vitro experiments. The fluorescent-labeled sMC 

suspension was diluted in complete cell culture media (10% FBS in RPMI media) to 50 µg/mL 

concentration for observation.

Scanning Electron Microscopy (SEM). The physical characteristics of aß-CD_Cipro were also 

observed  by  SEM.  An  appropriate  amount  of  aß-CD_Cipro  inclusion  complex  powder  was 

deposited on carbon discs (12 mm) mounted on pin stubs (12 mm). As a reference, dried crystal 

of Cipro resulting from Cipro 0.1% (w/w) solution was also observed. . Images were obtained on 

a scanning electron microscope (Evo HD 15, Zeiss Göttingen, Germany) at 5kV acceleration 

voltage and were representatives of the sample visualized.

2.6. Minimum inhibitory concentration (MIC) assay

The antimicrobial  properties  of  sMCs,  free Cipro,  aß-CD_Cipro inclusion,  and Cipro loaded 

sMCs were investigated by standard microbroth dilution assays with  Escherichia coli (DH5α) 

and Pseudomonas aeruginosa (PA14) in 96 well plates. A suspension of E. coli or P. aeruginosa 

prepared from mid-log cultures in Mueller-Hinton broth or Lysogeny Broth medium was first 

diluted to OD600 (absorption at 600 nm) 0.01, which corresponds to approximately 5 x 106 CFU/

mL  (CFU,  colony-forming  units).  Test  samples  were  sMCs  (drug-free  sMC,  Cipro  loaded 

sMCs), the aß-CD_Cipro inclusion and free Cipro solution.  PBS served as control.  Bacteria-

containing wells were then treated with the respective samples and, serially diluted over a range 

of 0.0003−64 μg/mL. After incubation for 16 h at 37 °C, inhibitory concentration (IC) IC90 

values  were determined  by sigmoidal  curve  fitting  of  absorption values  (600 nm)  that  were 

measured on a Tecan microplate reader. The IC90 values are defined as the Cipro concentrations 
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at  which  the  growth  of  bacteria  is  inhibited  by  90%.  Three  independent  experiments  were 

conducted in triplicate.

Standard cell culture propagation and maintenance is reported in the supplemental material.

2.7. Cell viability: MTT assay

Cell viability after sMC incubation was assessed by MTT assay. On a 96-well plate,  THP-1, 

NCI-H441, or human alveolar epithelial lentivirus immortalized (hAELVi) cells were seeded at a 

density  of  1.25  x  105,4  x  104,  or  1  x  104 cells  per  well,  respectively.    THP-1 cells  were 

differentiated into macrophages in the 96-well plate, as described in supporting information. 

Both THP-1 and NCI-H411 cells were grown for two days, while hAELVi cells were grown for 

4-5 days before the conduction of the assay to allow for approximately 80% cell confluency. The 

cells were further incubated with different concentrations of drug-free sMCs (size of 500, 700 

and 900 nm) for 24 h, at 37 °C, 5% CO2. After the incubation time, cells were washed once with 

PBS, and MTT reagent (concentration of 0.5 mg/mL diluted in HBSS) was incubated for 4 h in 

the dark. The supernatant was further removed from the well, and the formed formazan crystals 

were  dissolved  in  DMSO.  Finally,  the  absorbance  was  measured  at  550  nm by  an  Infinite 

M200Pro plate reader (Tecan, Germany). Cells incubated with only RPMI medium were used as 

a negative control (corresponding to 100% cell viability) and cells treated with 1% TritonTM X-

100  in  RPMI  medium were  used  as  positive  control  (designated  as  0% cell  viability).  The 

percentage  of viable  cells  was calculated in comparison to negative and positive controls as 

described by Nafee et. al.52 Three independent experiments were conducted in at least triplicate.

2.8. In vitro uptake study on dTHP-1 cells
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Uptake study on dTHP-1 cells was performed using fluorescent labeled sMCs of three different 

average  sizes,  500  nm,  700  nm,  and  900  nm  and  analyzed  by  the  flow  cytometer  (FC). 

Furthermore, confocal laser scanning microscopy (CLMS) was used to study cell uptake of the 

largest targeted average size, sMC 900 nm. 

The general design of  in vitro uptake study is described in Scheme 2. For both experiments, 

THP-1 cells were seeded either without sterile coverslip (for FC analysis) or on sterile coverslip 

(for  imaging  by  CLMS)  in  a  24-well  plate  (5  x  105 cells/well)  with  RPMI  1640  medium 

containing 10 ng/mL of PMA during 48h to allow cell differentiation into macrophage-like cells. 

Cells were then washed once with PBS, at 37 °C. Fluorescent sMCs, concentration of 50 µg/mL, 

were  incubated  for  2  h  in  serum-free  RPMI 1640 medium.  After  2h  incubation,  cells  were 

washed two times with PBS to remove the suspended sMCs. The cells  were then ready for 

further steps: either for (i) sample preparation for FC or CLSM to determine cell uptake after 2 h 

incubation; or (ii) further incubation with complete cell culture medium to reach 24 h, at 37 °C, 

5% of CO2; the cells were then prepared for FC analysis or CLSM to determine cell uptake after 

24 h incubation. Particle uptake at each time point was determined by FC or CLSM, and sample 

preparation for each technique is described below.  

Uptake analyzed by the Flow Cytometer (FC).

After sMC incubation period as mentioned above, the medium was removed, and the cells were 

washed two times with PBS. Following, cells were detached by applying trypsin enzyme for 10 

min at 37 oC. After centrifugation at 1000 x g, for 5 min, at 4 oC, the cell pellet was re-suspended 

in  300  µL cell  culture  medium (2% FBS in  PBS),  and  immediately  analyzed  with  a   BD 

FACSCalibur  (Becton-Dickinson, Heidelberg,  Germany).  The percentage of sMCs associated 

cells  was determined  by defining  a  positive  fluorescent  region on the  basis  of  control  cells 
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(without particles), which were NBD-Cl-negative. For that, the mean value was obtained, and 

used for gating. 10000 cells were analyzed for each sample. An argon laser with a wavelength of 

488 nm was used for excitation, and emission was recorded through a 515-545 nm filter. Results 

were calculated and diagrams prepared with FlowJo software (version 7.2.5, Tree Star, Stanford, 

CA, USA). Three independent experiments were conducted in triplicates, and results expressed 

as the mean ± standard deviation (SD).

Uptake analyzed by Confocal Laser Scanning Microscopy (CLSM). 

For all samples, live cells were stained with Rhodamine labeled Ricinus Communis Agglutinin I 

2 µg/mL for 20 min, at 37 °C. After that, the samples were washed with PBS and fixed with 

paraformaldehyde 3% for 30 min, at room temperature.  All samples were counterstained with 

DAPI (100 ng/mL), for 15 min, washed with PBS and mounted in DAKO mounting medium. 

Samples  were imaged by CLSM Zeiss  LSM710,  Axio Observer  (Oberkochen, Germany)  or 

Leica  TCS SP8, Leica Microsystems (Wetzlar,  Germany).  Images were acquired with a 63x 

water immersion objective with a resolution at 1660 x 1660, a bit depth of 8 and zoom of 1.0; z-

stack images were collected with a frame mode and a thickness of 1 µm per each focal plane. In 

each experiment, the green auto-fluorescence of the differentiated THP-1 cells was removed by 

adjusting the green intensity gain related to the respective untreated control. Confocal images 

were  analyzed  using  Zen  2  2011  software  (Carl  Zeiss  Microscopy  GmbH, Oberkochen, 

Germany). Cross section images were acquired on a Leica TCS SP8 using a 63x water objective, 

zoom of 1.23, a resolution of 1024 x 512 and a scan speed of 400 Hz.

The number of cells that presented adsorbed or internalized sMCs was determined by analysis of 

Z-stacks  images,  and  the  results  were  expressed  in  percentage  according  to  the  number  of 

counted cells. 
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2.9. Statistical analysis

All values are given as mean ± standard error of the mean (SE), from at least three independent  

experiments.  Statistical  analysis  was  performed  through  GraphPad  Prism Software  vs.  7.03 

(GraphPad  Software  Inc.,  La  Jolla,  USA)  or  OriginPro  2017  Software  (OriginLab  Corp., 

Massachusetts, USA). Significance was determined by One-way ANOVA or Two-way ANOVA 

as indicated in the respective figure captions.

3. Results and Discussion

3.1. Excipient synthesis and characterization 

3.1.1. Anionic ß-Cyclodextrin (aß-CD) synthesis

ß-Cyclodextrin (ß-CD) was mildly modified by selective oxidation of primary alcohol groups to 

prepare anionic ß-Cyclodextrin (aß-CD). As characterized in Figure S2, the 1H NMR spectrum of 

aß-CD in comparison to ß-CD’s in D2O shows the absence of proton at 4.993 ppm, which proves 

that the primary alcohol groups of ß-CD have been fully oxidized to form carboxylate groups. 

Furthermore,  FTIR spectra in Figure S3 also confirmed the primary face oxidation of ß-CD. 

There is  a frequency recorded at  1688.6 cm-1,  which corresponds to  the  carboxylate  groups. 

Hence, the aß-CD was ready to be used in sMC preparation.

3.1.2. Anionic ß-Cyclodextrin_Ciprofloxacin inclusion

Ciprofloxacin (Cipro) is an important anti-infective which is widely used to treat a variety of 

infectious  diseases  including  both  gram-negative  and  gram-positive  pathogens.53 The  drug, 
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however,  has  short  in  vivo oral  administration  half-life  which might  cause  burden treatment 

time.54,55 Hence,  applying  Cipro  via  inhalation  route  has  been  investigated  in  a  phase  III 

randomised study and considered as a right approach for respiratory infections treatment.37,56,57 

Despite  its  high activity  against  bacteria,  the poor  solubility  and quick  re-crystallization  are 

particularly  unfavorable  pharmaceutical  characteristics  for  its  applications,  especially  in 

inhalation.58 Therefore, in this study, Cipro is chosen as a clinically relevant anti-infective to 

explore drug loading capacity of the sub-microcarrier (sMC) system.

Applying cyclodextrins (CDs) to enhance solubility and prevent crystallization is known as a 

good solving  problem approach for  many pharmaceutical  applications.26,59,60 Moreover,  many 

modified  cyclodextrin  derivatives,  including  anionic  cyclodextrin,  cationic  cyclodextrin,  and 

polymer-based  cyclodextrin,  have  been  studied  and  proved  to  have  good  potential  in  drug 

delivery system.25,27,32 Nevertheless, the inclusion of CD and drug molecules has always been re-

characterized after chemical modification of CD derivatives. Hence, although ß-CD derivative 

and Cipro inclusion complex were already reported  in literature,29,30 which suggested the molar 

ratio 1:1 of ß-CD to Cipro in the inclusion, we carefully characterized the host-guest complex of 

aß-CD (host)  and  Cipro  (guest).  The  investigation  was  to  optimize  the  molar  ratio  of  each 

compound for the inclusion, and further maximize drug encapsulation efficiency in drug-loaded 

sMCs.

1H NMR study. The  1H NMR was used to investigate the possible influence of the inclusion 

formation on proton ‘a’ of Cipro (described in Figure 1A) due to the diminishment of rotational 

freedom  once  Cipro  molecule  is  localized  in  an  aß-CD  cavity.  The  proton  ‘a’  of  Cipro 

experienced a downfield shifting upon increasing concentration of aß-CD in inclusion forming 
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procedure (described in Figure 1B). When the molar ratio of aß-CD to Cipro went higher than 

1:1, the ∆δ became plateaued apparently indicating the formation of 1:1 molar ratio complex. 

Isothermal titration calorimetry analysis. The aß-CD_Cipro complex was also investigated by 

isothermal  titration  calorimetry  (ITC)  which  revealed  the  thermodynamic  of  the  host-guest 

reaction and helped to estimate optimized drugs amount which can be included with aß-CD. The 

aß-CD solution was injected to saturate Cipro solution, and the final thermogram is shown in 

Figure 1C. The values in the inset tables were calculated by software NanoAnalyze indicating 

the free energy (∆G) of the interaction to be -27,62 ± 0,12 (kJ/mol) for binding, which proves the 

favorable host-guest interaction between Cipro and aß-CD. Moreover, the ratio of Cipro (guest) 

to  aß-CD (host)  was also determined at  1.074 ± 0.036 proving 1:1 molar  ratio  in  inclusion 

complex formation of aß-CD and Cipro.
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Figure 1. A) Chemical structure of Cipro; B) molar ratio of aß-CD to Cipro versus ∆δ plot; C) 

Isothermal titration calorimetry (ITC): titration of aß-CD into Cipro; D) Comparison of solubility 

of Cipro_aß-CD inclusion to Cipro solubilized in addition of HCl 1N, and to Cipro crystal, at 

10% concentration (w/w) in PBS, at 37 °C; E) SEM image of Cipro crystal obtained from Cipro 

0.1% (w/w) solution, scale bar 30 µm; F) SEM image of  Cipro_aß-CD powder obtained from 
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lyophilization of inclusion complex after keeping solution at 4  °C for overnight, scale bar 300 

nm.

Fourier  Transform  Infrared  Spectroscopy  (FTIR). In  agreement  with  Jiao  et  al.61,  and 

Sambasevam  et al.62, the existence of both guest (Cipro) and host (aß-CD) molecules in their 

inclusion complex is also convincingly proved by using FTIR. Figure S5 shows the FTIR spectra 

for  the  (a)  Ciprofloxacin,  (b)  anionic  β-cyclodextrin  and  (c)  aß-CD_Cipro  inclusion.  The 

spectrum of the inclusion complex generally looks similar to aβ-CD’s, but there are some major 

differences  in  stretching  vibration.  In  the  FTIR  spectrum  of  Cipro,  there  is  one  prominent 

characteristic peak found between 3200 and 2900 cm-1 (Figure S5a) which is assigned to an OH 

stretching vibration. Another band found at 2850-2750 cm-1 mainly represents C-H stretching 

vibration of aromatic-enes. As the inclusion complex formed, Cipro molecule was localized in 

cavity of aß-CD, so those bands of OH, alkenes and aromatic C-H stretching vibration became 

less significant and overlapped as one broad peak between 3700-2700 cm-1 (Figure S5c). The 

peak at 1650 to 1600 cm-1 of Cipro’s FTIR spectrum that was assigned to quinolone experienced 

a small shifting in the spectrum of aß-CD_Cipro inclusion from 1614 cm-1 to 1625 cm-1, while 

the carboxylate stretching of aß-CD at 1688.6 cm-1 was then overlapped with the one from Cipro. 

Furthermore, a strong absorption peak between 1050 and 1000 cm-1 assigned to the C-F bond of 

Cipro also became overlapped in the spectrum of aß-CD_Cipro inclusion, but still recognizable 

and assigned. In summary, the inclusion complex of aß-CD and Cipro was successfully prepared 

and confirmed by FTIR.

SEM images.  Cipro is known as a poorly soluble drug and molecule which is prone to fast 

crystal formation. Consequently, application of Cipro as in solution, or via a different route from 

the oral administration could be problematic. ß-CD is not only applied to enhance the solubility 
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of the hydrophobic compound, but also to prevent the crystallization or polymorphism of drug 

molecules.59 Hence,  after  inclusion  formation,  we  also  compared  the  crystallinity  of  aß-

CD_Cipro 0.5% (w/w) concentration to Cipro 0.1% (w/w) concentration solution, which were 

kept at 4 °C overnight. As can be seen in Figure 1E, well-structured and big size crystals were 

formed and observed by SEM from Cipro solution even at low magnification (scale bar 30 µm). 

In  contrast,  the  inclusion  solution  was  prepared  at  5  times  higher  Cipro  concentration, 

crystallinity of the solution was not visualized by SEM even at high magnification (scale bar 300 

nm, Figure 1F). The different magnifications of SEM images from both samples are shown in 

Figure S6. This result proves an additional advantage of aß-CD_Cipro inclusion which is the 

prevention of Cipro crystallization.

Comparison of solubility.  The inclusion of aß-CD and Cipro significantly increased solubility 

of Cipro in PBS, at  10% (w/w), 37 °C, after  3-4 h incubation,  which resulted similar to the 

solubility  of  Cipro in  addition  of  HCl  1N served as  control  (results  showed in Figure  1D). 

Furthermore, the inclusion was much faster and completely solubilized in PBS over the studied 

period compared to the crystal form of Cipro which was obtained from the previously mentioned 

experiment. Hence, the inclusion is expected to have better bioavailability; the better solubility, 

however, would lead to fast elimination and burst effect. Consequently, a novel carrier approach 

is needed for the controlled release of the aß-CD_Cipro inclusion.

3.2. Preparation, optimization and stability of sub-Microcarrier

Drug-free sub-Microcarrier (sMC). The size range of nanomedicine is generally considered 

smaller  than  1  µm.16 In  this  study,  we  proposed  a  facile  approach  for  establishing  a  sub-

microcarrier (sMC) system by an ionotropic assembly of aß-CD and cationic chitosan (Mw of 
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~90 kDa). aß-CD provides electrostatically networking interaction with chitosan polymer, but it 

cannot help to stabilize the colloidal formation due to its low molecular weight (Mw of 1386 Da) 

small cyclic molecules.32 Hence, the stability of the sMC colloid would be mainly dependent on 

chitosan derivative’s physicochemical properties. Therefore, a chitosan derivative with a high 

molecular weight and low degree of acetylation was selected for colloidal formation. The sMC 

size was carefully tuned in the range from 400 nm to 900 nm, with the size difference between 

samples of approximately 100 nm, by changes of initial concentration of polymer solution, and 

the molar ratio of amine and carboxylate functional groups (N/C ratio) on chitosan and aß-CD, 

respectively.  The  summary  of  sMC characteristics  is  shown in  Figure  2  (diagram depicting 

results of DLS measurement) and Table S1 (impact of N/C ratio and polymer concentration). By 

using the ratio of the initial concentration of chitosan solution to the aß-CD solution at 1.0/1.0 

and 2.0/1.0, the sMC size was increased from 400 nm to 800 nm with the decrease of N/C ratio, 

which could be explained by a denser assembly of chitosan and aß-CD when increasing the 

amount of amine groups. When using the same N/C ratio at a higher concentration of initial 

chitosan  solution,  the resulting sMC was approximately  100 nm. The sMC with an average 

diameter of 900 nm was obtained by using a high initial concentration of aß-CD. Uniform sMC 

size with a narrow polydispersity index (PDI < 0.3) was recorded in all samples. The presence of 

cationic chitosan polymer in the assembly caused all sMC samples to have positively charged 

surfaces.  The  ζ-potential  values  were  recorded  decreasing  responding  to  the  raising  of 

carboxylate  ratio  used  in  sMC formation.  This  tendency  could  be  explained  by  the  higher 

binding  degree  of  aß-CD  with  chitosan  on  particle’s  surface  due  to  charge  interaction  and 

hydrogen  bonding  between  them.  Furthermore,  morphology  of  sMC  representatives  was 

spherical,  as  confirmed by TEM images  (Figure  3 B-D).  As all  sMC samples  share  similar 
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characteristics, the sMC with average diameter 500 nm, 700 nm, and 900 nm were selected to be 

presented.

Figure 2. Colloidal properties of sMC batches, depending on initial concentration (mg/mL) of 

chitosan and aß-CD, respectively; and N/C ratio, based on the average content of amine groups 

in chitosan according to manufacturer’s information and content of carboxylate groups in aß-CD 

(N/C ratio).
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Green fluorescent labelled sMC preparation. Green fluorescent labeled sMCs were prepared 

using the same protocol as drug-free sMCs, in which 10% fluorescent labeled chitosan out of 

total  applied chitosan was added. The green fluorescent labeled chitosan was synthesized by 

covalently  conjugating  NBD-Cl  to  primary  amine  groups  (Scheme  S1).  The  FTIR  spectra 

(Figure S4) were not suitable to confirm successful labeling of chitosan, which is assumed to 

result from the low amount of conjugated NBD-Cl. However, NBD-Cl is known to have strong 

fluorescent  intensity  upon conjugating with a primary amine,  as NBD-amines are excited by 

visible light (464 nm) with the emission maximum of approximately 512 nm.63,64 As a result, the 

green fluorescent labeled sMCs could be observed by fluorescent microscopy (Figure 3A) and 

confocal  laser  scanning  microscopy  (CLSM),  which  proved  a  successful  synthesis  of  green 

fluorescent labeled chitosan derivative. Representative fluorescent labeled sMCs with 500 nm, 

700 nm, and 900 nm average diameters were chosen for further in vitro study.

Figure 3. Fluorescent microscopy image (A) sMC 900 nm (dispersed in serum-free cell culture 

medium RPMI at 50 µg/mL, 37 °C, for 24 h) confirming successful fluorescent and colloidal 

stability of sMCs in such medium, scale bar 5 µm; (B-E) TEM images of: B) sMC 500 nm, C)  

sMC 700 nm, D) sMC 900 nm, and E) Cipro loaded sMC (700 nm).

Stability of sMCs in cell culture medium. Cell culture medium (RPMI) was used to dilute the 

sMC suspension during  in vitro experiments. Hence, characteristics of sMCs diluted in RPMI 
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were recorded after 2 h and 24 h incubation for not confounding dependence of uptake efficiency 

on particle size. The results of average size, PDI, and ζ-potential of sMC suspended in RPMI are 

given in Figure S11. The sMCs, regardless of size range,  have stable  average diameter,  and 

acceptable PDI value (< 0.3). Carefully considering the average size, there is a slight decrease 

after 2 h incubation. That could be explained by the change of pH environment from 5.5 (sMC 

preparation pH) to around 7 (pH value of RPMI). In this condition, amine groups on chitosan 

became partly disassociated causing a shrinking of the particles.65 The same process is also the 

reason for a substantial decrease of  ζ-potential from around +17 mV to nearly neutral values. 

Further checking after 24 h incubation, the particle size slightly raised about 30-60 nm. Chitosan 

is known as a cationic polymer, with a pKa of approximately 6.5, which allows interaction with 

negative net charged agents,43 and there are different kinds of ions, sugars, and vitamins in RPMI 

medium which could adsorb on the surface of sMCs resulting in the size increase. However, the 

association  of  such molecules  on the surface was not  severe enough to destabilize  the sMC 

system.  As  the  particles  were  produced  by  the  assembly  of  aß-CD  and  chitosan,  aß-CD 

molecules are present on the sMC surface (described in Scheme S2). Consequently, the colloidal 

surface  is  coated  with  the  secondary  face  of  aß-CD  which  possibly  helps  to  prevent  an 

interaction  between  ingredients  in  the  medium  and  particles.66 Furthermore,  900  nm  sMCs 

suspended  in  RPMI  was  also  visualized  by  fluorescent  microscopy,  which  shows  the  non-

aggregated colloidal system (Figure 3A). Conclusively, the prepared sMCs are stable to be used 

in study dependence of dTHP-1 uptake on particle size.
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3.3. Drug-loaded sub-Microcarrier

3.3.1. Ciprofloxacin loaded sMCs: preparation, optimization and characterization 

Figure 4. A) Hydrodynamic diameter (determined by DLS) of Cipro loaded sMCs in comparison 

to blank sMCs, B) Ciprofloxacin encapsulation efficiency (EE) (%) (right y - axis) and loading 

capacity (LC) (%) (left y - axis) for different sMC sizes.

The obtained characterizations of Cipro loaded sMCs were similar to those of drug-free sMCs 

using the same conditions for sMC preparation (showed in Figure 4A (size), Table S2 (impact of 

preparation parameters) and Figure S7 (PDI and zeta-potential)).  This could be explained by 

similarity of physicochemical properties of aß-CD independent  from the Cipro inclusion.  All 

samples achieved high encapsulation efficiencies (EE) in the range of 70-90%. Both EE and LC 

increased when the targeted size was raised, which suggests that higher applied ratio of aß-CD 

help to increase the amount of Cipro in the sMC system (details are shown in Figure 4B, Table 

S3). Furthermore, it is clear that Cipro LC of the sMCs mainly depends on the applied amount of 

chitosan, as Cipro is complexed with aß-CD. As a result, to further improve the drug LC of the 

here  developed  system,  other  particles  preparation  techniques,  e.g.  spray  drying,  would  be 
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possible options to optimize the used amount of chitosan at which the characteristics and stability 

of the system would be controlled and maintained.

3.3.2. Release study

We conducted the release study in PBS at 37 °C to investigate the release profile of Cipro from 

the inclusion and the particles at pre-determined time points. Although the formation of the aß-

CD_Cipro  inclusion  complex  is  favorable  as  examined  in  section  2.2.1.,  Ciprofloxacin  was 

released  from the  inclusion  complex  at  the  studied  conditions,  as  shown in  Figure  5.  It  is 

suggested that Cipro has better solubility in water at 37 °C,67 which consequently enhances the 

mobility of Cipro molecule and initiate the release of Cipro from the complex. An experimental 

setup with a dialysis membrane was used. The membrane was permeable for the Cipro but not 

the complex or sMC sample. The released Cipro found in the permeation kept increasing during 

the study period. Cipro loaded sMCs, in turn, shown burst release of Cipro during the first 4 h, 

particularly between 2 to 4h,  with release percentage of Cipro reaching an average value of 

approximately 40%. The initial release could be mainly from the inclusions that bind on sMC 

surface. Large standard deviations of Cipro released percentage was recorded between 2 to 4h. 

That could be explained by the presence of another excipient,  chitosan,  in the system which 

interfered with aß-CD by charged interaction thereof influencing the host-guest reaction of aß-

CD and Cipro. As a result, a high amount of released Cipro was experienced. Cipro released 

percentage  from drug loaded sMCs became stable  at  around 60% after  4 h until  the end of 

release study. The result suggests that embedded inclusions would be released from chitosan 

matrix  after  4 h explaining  the plateaued release profile  of Cipro loaded sMCs. The release 

results help to relatively predict the behavior of drug carrier in further in vitro experiments. To 

predict the release of Cipro from the inclusion complex and Cipro loaded sMCs, and have better 
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comparison between the two released profiles in the alveolar space would require more complex 

biologically simulated tests which, however, were beyond the scope of the present study.

Figure 5. Cumulative release of Cipro from aß-CD_Cipro inclusion complex, and after assembly 

to Cipro loaded sMC 900 nm performed in PBS at 37 oC.

3.4. Minimum inhibiting concentration (MIC) assay 

The sMCs can load poorly soluble drug, particularly in this study, Ciprofloxacin. Although the 

release of Cipro is demonstrated in section 2.2.3, it is also important to prove that the excipients 

for  formulation  do  not  interfere  with  drug  function  which  possibly  confounds  the  further 

evaluation of carrier system. Hence, the anti-microbial activity of drug-free sMCs, aß-CD_Cipro 

inclusion and Cipro loaded sMCs were studied against E. coli and P. aeruginosa in comparison 

to  the  use of  the  free  drug.  As shown in  Table  1,  the  bactericidal  activity  of  aß-CD_Cipro 

inclusion and Cipro loaded sMCs were similar  to that of the corresponding free drug. On the 

contrary, the IC90 values obtained for drug-free sMCs did not show activity against either E. coli 
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or P. aeruginosa at the highest tested concentrations. In conclusion, neither inclusion into aß-CD 

nor encapsulation into sMCs interferes with the antimicrobial function of Cipro.

Table 1. Results of MIC assay against E. Coli and P. aeruginosa

  

3.5. Cell viability: MTT assay

As we aim to prepare the sMCs for pulmonary delivery of anti-infective, the biocompatibility of 

the drug-free carrier system was investigated on human relevant cell lines. At the alveolar space, 

aerosolized particles can be phagocytosed not only by alveolar macrophages, as a professional 

phagocyte, but also by dendritic cells or alveolar epithelium. Therefore we assessed the sMC 

toxicity in three representative human cell lines: the macrophage-like cells (dTHP-1), the lung 

epithelial  cells  (NCI-H441),  and  human  alveolar  epithelial  lentivirus  immortalized  cell  line 

(hAELVi).  We  determined  the  biocompatibility  of  sMCs  via  cell  viability,  assessed  by 

mitochondrial activity, after 24h incubation (results are shown in Figure S8 (dTHP-1), Figure S9 

(NCI-H441), and Figure S10 (hAELVi)). The sMC concentration range was chosen to reach with 

the highest test concentration a 5-10x the observed IC90 values of Ciprofloxacin in the MIC 

assay. Regardless of the sMC size, dTHP-1 cell viability was not reduced after incubation with 
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sMC concentration lower than 50 µg/mL. Nevertheless, at higher concentrations (between 50-

100 µg/mL), sMC 500 nm induced apparent toxicity, which resulted in 50% cell death.  This 

reduction of viability may be due to the smaller size of this system that originate a higher surface 

of exposition when in contact with the cell membrane, leading to a reduction of cell viability.68 

The epithelial cell types, in turn, was tested with the biggest particle system sMC 900 nm which 

did not show any reduction in viability after 24h of incubation in the tested concentration up to 

200 µg/mL. The result that phagocytosing cells like dTHP-1 are more sensitive to particles than 

epithelial cells was expected.

3.6. Uptake study on dTHP-1 cells

In this study, the sMCs with size range higher than 400 nm were prepared to aim for pulmonary 

delivery. Hence, in vitro uptake studies on macrophages were performed to assess the ability of 

this system to be phagocytosed by macrophages, which will also define the potential of the sMCs 

for either treatment of intracellular or extracellular bacterial infections.  Having the size range 

from 400 – 900 nm, the applied sMCs will potentially be a target of macrophages, which are 

essential  to clear particulates via phagocytosis.14,69,70 Rate of phagocytic uptake of particles is 

known to be dependent on surface properties and size.71–73 In our study, the particle size was 

prepared with approximately 100 nm difference (as described in section 2.2.1), so the fluorescent 

sMCs with different sizes, including 500 nm, 700 nm, and 900 nm, were chosen and expected to 

show the dependence in uptake study. The initial incubation period of 2 h was selected because 

the inherent clearance mechanisms at alveolar space presented at  in vivo-like situation suggest 

this period.74,75 While the later time point was chosen at 24 h to analyze the uptake of particles 

that might remain on macrophages for a period longer than 2 h.  The uptake of different sMC 
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sizes on dTHP-1 was determined by flow cytometer (FC) (for sMCs 500, 700, and 900 nm) and 

CSLM (for sMC 900 nm). The in vitro uptake study design is showed in Scheme 2.

Scheme 2. Interaction of sMC and macrophages – in vitro study design: sMCs are expected to be 

either adsorbed or  phagocytosed by macrophages: The macrophage-like cell line dTHP-1 was 

chosen as a model. After 2h incubation and washing with PBS: A) there may be cells with sMCs 

internalized (in a1), cells with sMCs adsorbed (in a2), and cell with both sMCs internalized and 

adsorbed (in a3). B) After 2h of incubation, a part of the samples were treated with Trypsin to 

remove merely adsorbed sMCs as reported by Gudewicz  et  al.76 and Kage  et  al.77 C) Other 
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samples were just  washed with PBS, and further incubated for another  22h. To quantify the 

amount of internalized sMCs and adsorbed sMCs, respestively, the cells were analyzed by FC 

and CLSM. 

Figure 6A and 6B summarize the FC results of the population of cells that uptake green labeled 

sMCs after 2 h incubation. The study indicated a low uptake (< 20%) in dTHP-1 cells for all size 

ranges of sMCs. The highest percentage of cells with sMCs uptake was recorded at 17.45  ± 

2.15% for sMCs 900 nm, following by 11.05 ± 3.77% and 7.88 ± 3.44% for sMCs 700 nm, and 

sMCs 500 nm, respectively. The particles were unexpectedly not uptaken much by macrophages 

like cells. It might be because of particle stability and the reduction of the surface charge, which 

possibly reduces interaction of the sMCs and cell membrane to initiate the phagocytosis process. 

Hence, the number of cell uptake particles was not high. The difference in cell uptake percentage 

was not significant but still mainly dependent on sMC size. The sMCs with the largest size, 900 

nm, could probably result in faster sedimentation under in vitro experiment condition causing a 

fast adherence of particles to cells membrane. Taken together the higher local concentration, and 

the larger contact area, it could be explained that the 900 nm sMCs were adsorbed on higher 

percentage of cells and later uptaken. On the other hand, the smaller size ranges need longer time 

to adhere to cells membrane from particle suspension, so the cell population positive for sMC 

uptake of the smaller particles was lower. 

Nevertheless,  when a washing step was applied at  2 h post-incubation to remove suspended 

sMCs,  and  the  dTHP-1 cells  were  further  incubated  with  complete  cell  culture  media  until 

reaching 24 h, a different pattern regarding internalized sMCs was observed. Figure 6C and 6D 

show FC results analyzed after 24 h incubation, which indicates a higher percentage of dTHP-1 
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cell  uptake,  in  all  different  sized  sMC samples.  Hence,  it  was  hypothesized  that  after  2  h 

incubation, larger amounts of sMCs had already adhered on cells surface after the washing step, 

but not been uptaken yet (as shown in Scheme 2A). It is possible that the adsorbed sMCs were 

removed from cells surface during the cell detaching procedure by applying Trypsin, and the 

washing  step  before  FC  analysis  (as  shown  in  Scheme  2B),  which  was  also  reported  by 

Gudewicz  et  al.76 and Kage  et  al.77 Consequently,  the  percentages  of  cells  associated  sMCs 

analyzed after 2 h by FC were recorded at low numbers.

However,  by  further  incubation  until  24  h  after  removing  sMC suspension,  we expected  to 

monitor the internalization of sMCs that were already attached to the cell surface (as shown in 

Scheme 2C). Considering the same size of sMCs, the cell population which was stained as an 

indication of sMC uptake at 24 h post-incubation was approximately 30% to 40% higher than 

that after 2 h experiments. This observation suggests that there were higher percentages of cells 

with adsorbed sMC on the surface after 2 h incubation compared to ones with sMCs internalized. 

That means the cells need more time to uptake sMCs. Additionally, the analysis at 24 h post-

incubation also revealed that the sMC size which was most efficiently phagocytosed with 57.55 

± 1.25%, was 900 nm. The cell uptake, expressed as the percentage of positive cells, was 37.48 ± 

3.74% and 32.28 ± 2.41 %, for sMC 500 nm and sMC 700 nm, respectively. The differences in 

cell uptake between the particles of 500 and 700 nm size were not statistically significant. As the 

sMC system has stable characteristics as discussed in section 2.2, and all samples contain the 

same excipients  and do not  show large  variation  in  their  surface  charge,  the  results  clearly 

support  for  our  discussion  that  the  uptake  efficiency  of  dTHP-1  was  mainly  dependent  on 

particle size. The larger sMCs would sediment faster to the cells membrane, which consequently 

initiated the phagocytosis and resulted in higher number of cells having particles internalized. 
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Figure 6. Summarized results from flow cytometry study: A) and B) percentage of dTHP-1 cells 

uptake for different size of sMCs (500 nm, 700 nm, and 900 nm) at 2 h post-incubation. After 2 h 

incubation,  sMC suspension was removed,  and the cells  were washed with PBS and further 

incubated with complete cell culture media, C) and D) percentage of dTHP-1 cells uptake for 

different size of sMCs (500, 700, and 900 nm) at 24 h post-incubation.  Statistically significant 

differences  were  determined  with  One-way  ANOVA,  through  OriginPro  2017  Software 

(OriginLab Corp., Massachusetts, USA). Differences were considered significant at a level of p 

< 0.005 (*).

To confirm the results obtained by flow cytometry (FC), CLSM was performed as an alternative 

method to differentiate the adsorbed sMCs from the internalized sMCs. Through the acquisition 
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of several images by CLSM, the percentage of cells that presented either internalized or absorbed 

sMCs was  determined.  It  is  noted  that  the  CLSM analysis  was only  performed  on dTHP-1 

incubated with sMC 900 nm, which gave the highest percentages of uptake at both time points 

when analyzed by FC.

Through CLSM images it was verified that after 2 h, sMC 900 nm was mainly adsorbed on cell  

surfaces, while after 24 h, the particles were internalized by the macrophages, as shown in the 

cross-section of images (Figure 7A, 7B). This information was correlated with the percentage of 

cells with sMC 900 nm associated (Figure 7C): after 2 h of incubation, the percentage of cells 

with sMC 900 nm adsorbed was 48 ± 19%, while only 15 ± 10% of cells presented internalized 

sMCs. However, a longer period of cell incubation up to 24 h showed that the percentage of cells 

with  adsorbed  sMCs  significant  decreased  to  11  ±  7%,  while  the  number  of  cells  with 

internalized sMCs increased to 67 ± 10%. Interestingly, the percentage of cells with internalized 

900 nm sMCs obtained by CLSM was relatively similar to that of the corresponding FC analysis  

(shown in Figure 7D). Hence, the two methodologies are comparable and reliable in our study. 

Having obtained and evaluated the results from in vitro uptake study by both FC analysis and 

CLSM, the developed sMC system had been concluded to have low uptake by macrophage-like 

cells, particularly for sMC size equal or smaller than 700 nm. Taken together the relatively large 

size  range  of  the  sMCs  (400-900  nm),  the  strict  pores  size  of  mucus,78 and  the  intrinsic 

mucoadhesive property of chitosan,39,44–46,79 the developed sMC system is expected to have strong 

interaction  with  airway mucus  upon aerosol  delivery,  providing  platform for  sustained  drug 

delivery. Furthermore, as shown in Figure S12, the percentages of lung epithelial cells, hAEVLi, 

uptake sMC 900 nm, are 7.93 ± 2.68% and 19.95 ± 4.78% after 2 h and 24 h, respectively, which 

are significantly lower compared to the percentages of dTHP-1 uptake sMC 900 nm at the same 
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time  points.  Consequently,  we  recommend  the  use  of  Cipro  loaded  sMCs  for  extracellular 

infection, e.g., Pseudomonas aeruginosa infection in cystic fibrosis patients.

Figure 7. CLSM study of sMC (900 nm) interaction with dTHP-1 cells (nuclei stained in blue, 

cell membrane in red, and sMCs labelled in green): A) after incubation for 2 h; (B) after washing 

the cells to remove surface adsorbed sMCs and continuing incubation for totally 24 h. Cross 

sections are shown on the right of each image, the scale bar presents 10 µm. C) Quantitative 

image  analysis  of  CLSM  data  to  compare  the  percentage  of  sMC  900  nm  adsorbed  and 

internalized,  at  two  time  points  (mean  %  ±  SD,  after  counting  at  least  100  cells  from  3 
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independent experiments). D) Comparison of data for internalized sMC 900 nm as analyzed by 

CLMS and FC (data from Figure 6). 

4. Conclusion

Our study proposes an easy method to prepare a sub-microcarrier system based on ionotropic 

gelation of anionic ß-Cyclodextrin and chitosan. The sMC characteristics were tuned by careful 

adjustment of initial polymer concentration and N/C ratio. Notably, the average size of resulting 

sMCs  was  varied  in  a  range  from  400  nm  to  900  nm.  The  larger  particles  showed  good 

biocompatibility assessed by a cell viability assay (MTT) on macrophage-like cells (dTHP-1) 

and  lung  epithelial  cells  (NCI-H411).  Epithelial  cells  showed  ˃90%  viability  after  24  h 

incubation  at  a  concentration  of 100 µg/mL sMC. Furthermore,  poorly soluble drug loading 

capacity of aß-CD was investigated and optimized with a relevant anti-infective, Ciprofloxacin, 

by a host-guest complex reaction. The outcome of inclusion analysis suggested the molar ratio 

1:1 of aß-CD and Cipro. Consequently, it helped not only to significantly enhance the solubility 

of Cipro, but also to maximize drug encapsulation efficiency (90%) and loading capacity (~9%) 

of drug loaded sMCs. The uptake experiments conducted on dTHP-1 showed the dependence of 

uptake efficiency on sMC size, which was confirmed by both FC and CLMS analysis. The larger 

sMCs were uptaken by a higher population of dTHP-1 cells. However, regardless of the particle 

size,  the  percentage  of  cells  having  particles  internalized  was  lower  than  20%  after  2  h 

incubation.  At the same time, a higher amount of sMCs, which merely absorbed on the cell 

membranes, was revealed by FC and CLSM. After further incubation to reach 24 h, they were 

internalized into the cell resulting in high percentage of cells uptaking sMCs. Interesting enough, 

however, the release study of Cipro-loaded sMCs showed that the sufficient amount of drug 
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could be achieved before 24 h, the subsequent phagocytosis of the carrier could be considered as 

an  important  pathway  for  its  safe  degradation  and  elimination.  The  combination  of 

mucoadhesive properties from chitosan, good biocompatibility of β-CD and chitosan, and low 

rate of internalization by macrophages suggests the developed sMC system as a promising drug 

delivery system namely for the treatment of respiratory extracellular infection, e.g. Pseudomonas 

aeruginosa and/or Staphylococcus aureus.
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Epithelial Uptake and Transport of Cell-Free Human Immunodeficiency Virus Type 1 and 
gp120-Coated Microparticles. Journal of Virology 1998, 72, 4231–4236.
(78) Murgia, X.; Pawelzyk, P.; Schaefer, U. F.; Wagner, C.; Willenbacher, N.; Lehr, C.-M. Size-
Limited Penetration of Nanoparticles into Porcine Respiratory Mucus after Aerosol Deposition. 
Biomacromolecules 2016, 17, 1536–1542.
(79) Mura, S.; Hillaireau, H.; Nicolas, J.; Kerdine-Römer, S.; Le Droumaguet, B.; Deloménie, 
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