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a b s t r a c t 

The prevalence of tuberculosis continuously grows and there is an imperious need to improve the therapeutic 
efficacy of approved drugs for clinical use. Here we report the encapsulation of isoniazid (INH) in egg white/ 𝜅- 
carrageenan microparticles, which are intended for drug vehiculation through the gastrointestinal tract and con- 
trolled release in the ileum. Spherical and highly monodisperse microparticles (255 mm average diameter) were 
obtained by droplet-based microfluidics and subsequent microwave irradiation. The entire amount of INH added 
to the particles was encapsulated. Infrared spectra revealed the formation of esters, hydrogen bonding, and Mail- 
lard reaction in the biopolymer matrix. In vitro release experiments were carried out in media that systematically 
emulate the stomach and intestinal tract conditions: 37 °C, NaCl 0.05 mol/L, pH 1.6, for the first 2 h, and Tris–
HCl 0.1 mol/L, pH 7, for the next 24 h. A small fraction of the loaded INH was released in the first medium and 
most of the drug was progressively delivered in the second medium. The release profiles of microparticles were 
analyzed by using classical kinetic models, which enabled to hypothesize the release mechanism of INH from the 
biopolymer matrix. This knowledge, together with the ability to control the governing parameters of microfluidic 
elaboration, opens further possibilities for designing optimal prototypes for sustained release. 
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. Introduction 

Tuberculosis (TB) is a millenary disease that increasingly challenges
ublic health systems ( Barberis, Bragazzi, Galluzzo & Martini, 2017 ). In
he last decades, AIDS, smoke, and the inefficacy of BCG vaccine have
isen TB prevalence. On the other hand, long-term treatments with drugs
ausing strong side effects may induce therapy interruptions, which has
egative consequences beyond the patient health, notably the risk of ap-
earance of multidrug resistant bacteria. Therefore, decreasing the drug
oncentration and the number of doses is highly desirable. Regarding
he pharmaceutical formulation, the main challenges are improving the
ncapsulation for controlled drug delivery and enhancing the stability
f the active molecules. 

The last aspect is particularly important for the simultaneous use of
wo anti-TB drugs, such as rifampicin (RIF) and isoniazid (INH). In acidic
edium, RIF hydrolyzes to 3-formyl rifamycin SV (3FRSV) and this re-

ction is accelerated in the presence of INH, because this drug inter-
cts with 3FRSV producing isonicotinyl hydrazone. Both RIF derivatives
resent low solubility and absorption in the gastrointestinal tract, which
ffect their anti-TB efficacy ( Singh, Mariappan, Sankar, Sarda & Singh,
001 ). Therefore, in the formulation of the two-drug fixed dose combi-
ation, RIF and INH must be compartmentalized to preserve RIF stabil-
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ty. Compartments can include micro-nanoparticles, micelles, hydrogels,
r 3D printed systems ( Ghanizadeh Tabriz et al., 2021 ; Singh, Bhandari
 Kaur, 2013 ). For example, if only one of the drugs is encapsulated, the
on-encapsulated drug can be absorbed in the stomach and the other
ne can be released later on in the ileum. As INH is protonated in acidic
edia (pK a 2), the drug hardly permeates through the stomach mucosa

nd can be later absorbed by the small intestine ( Mwila & Walker, 2020 ).
hus, a promising strategy is encapsulating INH in a system that retains
he drug in the stomach and delivers only in the ileum, so that RIF could
e released in the stomach in the absence of INH. In fact, it has been re-
ently demonstrated that INH ‐loaded gastric ‐resistant microspheres of
ydroxypropyl methylcellulose acetate succinate and Eudragit® L100
olymers decreased the degradation of RIF ( Mwila & Walker, 2020 ). 

In addition to microparticles intended for oral administration, which
re normally produced by emulsification and solvent evaporation meth-
ds ( Grenha et al., 2020 ; Mwila & Walker, 2020 ), smaller microparti-
les produced by the spray-drying technique can be used as inhalable
rug carriers ( Pandey, Yadav & Mishra, 2015 ; Rodrigues et al., 2020 ).
ctually, microparticulate formulations are producing a strong thera-
eutic impact in medical technology, and nowadays they are globally
emanded due the great advantages that offer the implementation of
ontrolled drug release ( Bale, Khurana, Reddy, Singh & Godugu, 2016 ).
mber 2021 
ticle under the CC BY-NC-ND license 
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ere it is worth noting that, apart from microparticulate formulations,
ther approaches to encapsulate INH are currently under study, such as
icelles ( Rani et al., 2018 ; Sheth, Tiwari & Bahadur, 2018 ), liposomes

 Gürsoy, Kut & Özk ı r ı ml ı , 2004 ; Nkanga, Krause, Noundou & Walker,
017 ), and nanoparticle ( Booysen et al., 2013 ; Mukhtar et al., 2020 ;
hrimal, Jadeja & Patel, 2020 ) systems. In this context, here we explore
he encapsulation of INH in a microparticulate system aimed to attain:
 i ) high levels of drug loading in hydrophilic biopolymers, ( ii ) sustained
elease in hydrophilic medium avoiding burst release, and ( iii ) preferen-
ial INH delivery in the ileum, preventing RIF degradation in the stom-
ch. 

Most of the reported works on microparticle encapsulation of INH,
s those mentioned above ( Grenha et al., 2020 ; Mwila & Walker, 2020 ;
andey et al., 2015 ; Rodrigues et al., 2020 ), employ conventional high-
nergy methods. Among the modern low-energy methods, droplet-based
icrofluidics has become a recognized technology for producing func-

ional microparticles ( Kong et al., 2012 ; Wu et al., 2013 ). Briefly,
roplets of a polymer solution are generated in oil phase and then
onverted into microparticles by using chemical and/or physical cur-
ng methods. Concerning TB drugs, the approach has been success-
ully used to encapsulate RIF in core-shell microspheres made from
oly(lactic-co-glycolic acid) and alginate ( Choi, Seo, Kim, Kim & Kim,
017 ; Kim et al., 2014 ). In a previous work ( Marengo, Olivares & Berli,
019 ), we have reported a microfluidic-based process for the produc-
ion of protein/polysaccharide microparticles, which were able to en-
apsulate 100% of a model hydrophilic active, retaining the active in
il medium for several months, and gradually delivering the active in
queous medium. In the present work, we take advantage of the ver-
atility of both the microfluidic platform and the biopolymer matrix to
nvestigate the encapsulation and release of INH. We used microwave
MW) irradiation as curing method to avoid the addition of chemical
gents. The molecular interactions inside the biopolymer matrix were
tudied by infrared (IR) spectroscopy. Besides, the kinetics of INH de-
ivery was analyzed in the framework of classical release models. 

. Materials and methods 

.1. Materials 

Transparent PMMA sheets were acquired from a local market
Acrimev, Santa Fe, Argentina). Ethanol 99% (Cicarelli, San Lorenzo,
rgentina) was used in PMMA bonding. Push-in fittings with M5 thread
nd OD 4 mm tubing (Festo, Martinez, Argentina) were used as connec-
ors at the chip inlet/outlets. Food grade olive oil (Olivi Hnos., Mendoza,
rgentina) with viscosity equal to 81 mPas was used as the continu-
us oil phase. Fresh chicken eggs (no more than two days after pro-
uction) were purchased from a local market. The same market was
sed during the experimental program, with the purposes of maintain-
ng the hen species and breeding conditions. Besides, the pH of the
xtracted egg withe was monitored for quality control. Carrageenan
CG) Type I, 80% kappa and 20% lambda, was obtained from Sigma
hemicals (Sigma-Aldrich, St. Louis, USA). INH, isoniazid analytical
tandard, was purchased from Sigma-Aldrich (India). Potassium bro-
ide for infrared spectroscopy was acquired from Sigma-Aldrich (Stein-
eim, Germany). Water was ultrapure (Millipore, USA). Methanol (J.T.
aker, Trinidad and Tobago) and acetonitrile (J.T. Baker, China) were
PLC grade. Potassium phosphate monobasic (KH 2 PO 4 ), sodium chlo-

ide (NaCl) and hydrochloric acid (HCl) were acquired from Cicarelli
San Lorenzo, Argentina), and hydroxymethyl aninomethane (Tris) from
iopack (Buenos Aires, Argentina). 

.2. Microfluidic chip fabrication 

Microfluidic device was fabricated as previously reported
 Marengo et al., 2019 ) by using CO 2 laser PLS Platform (Univer-
al Laser System, Scottsdale, USA). The chips were fabricated from
2 
wo PMMA layers that were micromachined by laser ablation. The
op layer contained the inlet and outlet ports. The bottom layer con-
ained the microchannels, which have trapezoidal cross-sections, as
ypically produced by laser engraving ( Hong et al., 2010 ; Liu et al.,
017 ). Average cross-sectional microchannel width was about 360 𝜇m
hroughout the fluidic circuit. The PMMA layers were bonded by using
 solvent assisted technique that employs ethanol, mild pressure, and
0 min at 75 °C ( Bamshad, Nikfarjam & Khaleghi, 2016 ; Liga, Morton
 Kersaudy-Kerhoas, 2016 ). Fig. 1 a shows an example of the resulting
hips, displaying the fluidic network with a cross-shaped junction and
 short serpentine. Push-in fittings with M5 thread were adjusted in the
nlet/oulet ports (not shown in Fig. 1 a). The inlets were connected to
yringe pumps (Model PC11UBT, Apema, Villa Domínico, Argentina)
y using OD 4 mm teflon tubing; the outlet was connected to sample
ollecting reservoirs. 

.3. Sample preparation 

Chicken eggs were hand-broken and egg white (EW) was carefully
eparated without contamination. The EW was filtered with a gauze and
hen gently stirred to provide homogeneous mixture. The pH of the EW
olution was 9, as measured with a pH-meter (Hanna Instruments S.L.,
ibar, Spain). It is worth noting that EW solution is the original egg
hite, without added water. A 0.15% (w/v) CG solution was prepared.
he dry powder was sprinkled on purified water at room temperature
nd then subjected to magnetic stirring for 40 min. Subsequently, 30 mg
f INH was dissolved in the CG solution. Complete dissolution of the
rug was observed at this step. Then EW and CG solutions were mixed at
:1 ratio by magnetic stirring for 40 min. The concentration of INH was
.4% w/v in the CG solution and 0.2% w/v in the final mixture (EW/CG
:1). The final solution was set at pH 9.3 to assure the co-solubility of
he biopolymers ( Marengo et al., 2019 ). The stability of INH at this pH
as checked by HPLC quantification and chromatograms inspection (see
elow Section 2.8 ); no alterations of the drug were observed. 

.4. Microparticles generation 

The injection of reagents was carried out at controlled flow rates
y using syringe pumps. The aqueous phase (EW/CG mixture and INH)
as injected in the middle channel of the cross-junction and the organic
hase (oil) in the transverse channels ( Fig. 1 a). The flow rates of the
queous (EW/CG/INH mixture) and the oil phases were set to 0.5 mL/h
nd 3.5 mL/h, respectively. The device was allowed to reach a steady
egime before collecting the microdroplets. The process was imaged by
sing a USB microscope mounted on the chip platform; typical captures
f droplet generation are illustrated in Fig. 1 b and c. 

.5. Microparticles curing 

Droplets collected in glass tubes were subjected to microwave (MW)
rradiation in a laboratory oven (BGH, Model B330DSS, Río Grande, Ar-
entina) to obtain microparticles resistant to dilution, shearing, and fur-
her manipulation. Further, to explore different microstructures and re-
ease profiles, two MW conditions were evaluated: 270 W and 900 W for
5 s. After the treatment, solid microparticles suspended in the oil-phase
ere obtained. The microparticles sediment at rest in the oil phase, how-

ver they were highly stable against flocculation, even after 30 days of
torage. Since all the aqueous phase (EW/CG/INH mixture) injected to
he chip finally formed microparticles, and INH solubility in oil is very
ow (logP = − 0.64) ( Handbook, 2008 ), the encapsulation efficiency was
onsidered to be 100%. Furthermore, the high INH hydrophilicity en-
ures that leakage to the oil phase (during microparticles generation,
anipulation, or storage) is negligible, meaning that INH molecules are

etained into the microparticles and are delivered upon contact with the
elease buffers only. 
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Fig. 1. (a) Photograph of the PMMA chip filled with a light-blue die to depict the fluidic network. (b) Snapshots showing the different time steps of droplet formation 
at the cross-junction: t 1 , filling; t 2 , necking; t 3 , detachment; and t 4 , restarting the cycle. Pictures are presented as taken, with no image editing other than cropping 
at the borders; the dashed lines were included for better demarcation of the microchannel walls. (c) USB microscope image of just obtained microdroplets. 
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.6. Microparticles size measurement 

An optical microscope (DM750, Leica Microsystems, Heerbrugg,
uiza) with integrated digital camera ICC50W was used. The diameter of
ndividual microparticles was measured, then the average size and stan-
ard deviation were calculated. One hundred microparticles per sample
ere measured to provide confident statistical values. All the experi-
ents were made in duplicate, differences between samples were not
etected, and 50 images per sample were taken to perform measure-
ents. 

.7. IR spectroscopy 

INH, 𝜅-CG and EW were analyzed as received. Particles were con-
itioned previous to the IR experiments to eliminate oil and water
esidues. Freshly prepared particles and particles from release experi-
ents were gently twice washed with methylene chloride and allowed

o dry (ambient temperature). Subsequently, the material was frozen at
 80 °C and freeze-dried for 24 h at 0.014 mbar pressure in a laboratory

reeze dryer (Cryodos 80, Telstar). 1–2 mg of sample was mixed with
otassium bromide (100 mg) and compressed to obtain discs. IR spec-
rums were recorded on a FTIR-8001 PC Shimadzu spectrophotometer in
he wavenumber range of 4000–400 cm 

− 1 (spectral resolution: 4 cm 

− 1 ,
umber of scans: 40). 

.8. In vitro INH release under simulated gastrointestinal conditions 

Firstly, it is worth mentioning that the primary objective of this ex-
eriment was to study the pH effect on INH release; thus, two solu-
ions that, respectively mimic stomach and ileum pH conditions were
elected, among those normally used for in vitro studies of TB drugs
 Khatak et al., 2020 ; Tabriz et al., 2021 ). Freshly prepared particles
ere collected into vials. The oil phase was carefully removed using a
3 
icropipette (the oil volume to be extracted is known beforehand from
he microfluidics elaboration process). Then 5.0 mL of release medium
as added (NaCl 0.05 mol/L, pH 1.6). The vials were maintained at
7 °C in an orbital shaker at 150 rpm. At preselected times, aliquots
0.5 mL) were withdrawn and assayed by HPLC. An equal volume of
resh medium was added to maintain the aqueous phase constant. After
 h, the whole volume of saline solution was gently removed and re-
laced by the same amount (5.0 mL) of Tris–HCl (0.1 mol/L, pH 7). The
ampling procedure continued up to 24 h. The experiments were made
n duplicate. INH concentration was determined by HPLC with UV de-
ection by diode array (Prominence Series 20A, Shimadzu). The condi-
ions of analysis were: C18 column (Zorbax Eclipse XDB, 250 × 4.6 mm,
 𝜇m pore size, Agilent), oven temperature 30 °C, mobile phase 35%
.01 M KH 2 PO 4 solution pH 7.0: 45% methanol: 20% acetonitrile, flow
ate 1 mL/min, wavelength of detection 254 nm and injection volume
0 𝜇L ( Sankar, Sharda & Singh, 2003 ). A stock solution (300 mg/L) of
NH in ultrapure water was prepared. Five concentration levels of stan-
ard solutions were prepared (0.5–50 mg/L) and analysed in triplicate
o verify range and linearity of the analytical procedure. The calibra-
ion curve (area under the peak as a function of INH concentration) was
tted to a straight line using linear regression analysis. The evaluation
f the method performance showed that the model explains ∼ 99.95%
 R 

2 ) of the variation in the response variable. The corresponding corre-
ation coefficient was R = 0.9998 and the p -value of the model ( p < 0.05)
ndicated a significant relationship between the peak area and INH con-
entration. 

. Results and discussion 

.1. Microparticles shape and size 

Fig. 1 shows USB microscopy images of droplets formation at
he cross-junction ( Fig. 1 b) and generated droplets at the outlet port
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Fig. 2. Optical microcopy characterization of 
microparticles at different magnifications. (a) 
Single microparticle observed at 10X. (b) 
Topology of the microparticle surface observed 
at 40X. 
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 Fig. 1 c) of the microfluidic device. The total flow rate was 4 mL/h and
he flow rate ratio (oil to aqueous phase) was 7. In this fluid dynamic
egime, the production rate was about 2 droplets per second. The regime
as selected after exploring droplet generation in a wide range of oper-
ting conditions ( Marengo et al., 2019 ). Droplet formation is governed
y hydrodynamic forces that deform the jet and surface tension forces
hat minimize the interfacial area. At the cross-junction, the develop-
ng droplet is squeezed while gains further material, forms a thinning
eck, and finally detaches downstream the junction ( Fig. 1 b). Droplets
et perfectly spherical when they are not confined in the microchannels,
s observed at the chip outlet ( Fig. 1 c). 

Fig. 2 a presents an optical microscopy image of a single micropar-
icle. The particle surface displays different texture domains, as result-
ng from the complexation of proteins and polysaccharides. A more de-
ailed picture of the microstructure is shown in Fig. 2 b, where areas
ith different roughness are clearly distinguished. At the selected pH

ondition, the weak electrostatic interactions between EW proteins and
G leads to the formation of soluble complexes ( Marengo et al., 2019 ).
he MW irradiation enhances the complexation, since globular proteins
enature and expose the functional groups of the amino acids (hidden
nto the core of the native conformation) to form covalent crosslinks
 Cortés-Morales, Mendez-Montealvo & Velazquez, 2021 ). INH molecules
re uniformly dispersed in the matrix, where the electrostatic interac-
ions between proteins and polysaccharides stabilize the encapsulation,
ventually enabling a sustained delivery under appropriate external con-
itions. It is worth to remark here that INH molecules are expected to be
niformly dispersed in the matrix because they are previously dissolved
n the polymeric solution used to elaborate the INH-loaded microparti-
les ( Section 2.3 ). Then, in the microfluidic process, microdroplets are
ormed from this precursor solution and subsequently cured to form mi-
roparticles. 

Fig. 3 shows optical images and size distribution plots of the obtained
articles. In all cases, untreated ( Fig. 3 a), cured at 270 W ( Fig. 3 c) and
ured at 900 W ( Fig. 3 e), particles were spherical in shape and highly
onodisperse. The size distribution histograms ( Fig. 3 b, d, and f) re-

ealed that MW treatment did not affect the particles macrostructure,
ince similar average diameters were measured in all cases. In fact, MW
rradiation results an excellent alternative to induce crosslinking in the
iopolymer mixture, thus avoiding the addition of chemicals that could
nterfere with the active compound. 

.2. Particle microstructure 

IR spectroscopy measurements were performed to gain knowledge
n the interactions between the molecular components forming the mi-
roparticles. Fig. 4 a shows the typical spectra of the individual com-
ounds: EW, CG, and INH. For EW, the peaks at 3296, 3076 and
935 cm 

− 1 were due to the CH and NH stretching of Amide A and B.
4 
he peaks at 1655 and 1541 cm 

− 1 corresponded to Amide I (C = O
tretching) and Amide II (NH bending, CN stretching), respectively. In
he region between 1450 and 1240 cm 

− 1 , the peaks (1450, 1396, 1313
nd 1240 cm 

− 1 ) of the Amide III (NH bending, CN stretching) were ob-
erved ( Thiyagarajan et al., 2018 ). Fig. 4 a also displays the spectrum
f CG. The peaks at 3445 and 2910 cm 

− 1 were due to the OH and CH
tretching and the peak at 1647 cm 

− 1 corresponded to polymer bonded
ater. The sulfate ester group signals (SO, O = S = O , COS) were noted
t 1456, 1375, 1265, 847 and 704 cm 

− 1 . The peak at 1070 cm 

− 1 cor-
esponded to the glycosidic bond and that at 927 cm 

− 1 to the ether
roup in 3,6-anhydrogalactose ( Sen & Erboz, 2010 ). Finally, the spec-
rum of INH also agreed with previously reported results ( Diniz et al.,
018 ). NH stretching and NH bending associated to the primary and
econdary amines were observed in the regions 3447–3017 cm 

− 1 and
600–1550 cm 

− 1 , respectively. The peak at 1666 cm 

− 1 was due to the
arbonyl group of the amide and that at 1337 cm 

− 1 corresponded to the
N stretching of the pyridine ring. 

Fig. 4 b shows the spectra of untreated particles, MW irradiated par-
icles at 270 for 15 s, and 900 W for 15 s. Signals from INH could
ot be identified. This result can be explained taking into consideration
he size and the mass ratio of the formulation components. Regarding
he size, the molecules of the polymer and the protein are much larger
han that of the antibiotic. Furthermore, the amount of EW and CG is
reater than the amount of INH. Nevertheless, the three spectra appear
o be quite similar, and only small differences between them can be
bserved. In comparison with EW and CG ( Fig. 4 a), the spectra of the
ixture presented three noticeable peaks at 2926, 2854 and 1746 cm 

− 1 

hich cannot be attributed neither to the protein nor to the polymer.
robably, these changes are due to the formation of carrageenan esters
C = O, 1746 cm 

− 1 ) or the occurrence of Maillard reaction between the
arbonyl group in the galactose of these esters and amino acids of EW
 Mao, Pan, Hou, Yuan & Gao, 2018 ). The intensity of the three peaks
ncreased from samples corresponding to untreated particles to samples
orresponding to particles irradiated at 900 W ( i.e. at 2926 cm 

− 1 , from
5.6% to 38.9%). Other minor changes were observed in the region be-
ween 1460 and 1080 cm 

− 1 ; for example, the peaks moved to lower
avenumbers (1095 cm 

− 1 in untreated particles shifted to 1084 cm 

− 1 

n particles irradiated at 900 W). Finally, the interactions among the
olecules can be attributed to esters formation, Maillard reaction, hy-
rogen bonds creation, or a combination of these mechanisms. 

.3. Kinetics of INH release 

Fig. 5 shows the assay results of INH release from EW/CG micropar-
icles. Similar release profiles were observed at both curing conditions;
owever, particles treated at 900 W released the INH to a lesser extent
rom the beginning of the assay. Burst release was not observed in either
xperience. During the first two hours at pH 1.6, releases of ∼35% and
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Fig. 3. Optical microscopy images at 10X magnification: (a) freshly obtained particles, (c) particles crosslinked by MW radiation at 270 W for 15 s, and (e) at 900 W 

for 15 s. Size distribution histograms (b), (d), and (f) correspond to the particles featured in (a), (c), and (e), respectively. 
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22% were observed from particles treated at 270 and 900 W, respec-
ively. It is evident that, as the power of irradiation increases, protein de-
aturation and crosslinking increases and the rate of release decreases.
hese are satisfactory results, because INH was poorly released under
he conditions and residence time representative of the gastric tract.

hen the buffer was replaced (pH 7), a sudden shift of the curve slopes
ook place, and then the release profiles followed similar trends ( Fig. 5 ).
fter 24 h, both systems showed a maximum release plateau. Particles

reated at 270 W released about 83% of the drug, while particles treated
t 900 W released about 65%. Thus, the proposed curing method allows
ne to design prototypes with adjustable delivery rates, in the pursue of
ptimal INH delivery systems. 

In order to gain insight on the release mechanism of INH from
W/CG microparticles, data from the first 6.5 h of the in vitro assay
ere studied by using the following kinetic models ( Gouda, Baishya &
ing, 2017 ; Higuchi, 1963 ; Korsmqer, Gumy, Doelker, Buri & Peppas,
983 ; Wu, Bala, Skalko-Basnet & di Cagno, 2019 ): 

n 
(
𝑄 0 − 𝑄 

)
= ln 𝑄 0 − 𝑘 1 𝑡 (1)

 ∕ 𝑄 = 𝑘 𝑡 1∕2 (2)
0 H 

5 
 ∕ 𝑄 0 = 𝑘 P 𝑡 
𝑛 (3)

In all cases, 𝑄 ∕ 𝑄 0 represents the cumulative fraction of INH released
t the time 𝑡 , and 𝑘 i are the respective kinetic constants. In particular,
q. (1) represents the first-order model, Eq. (2) is Higuchi model, and
q. (3) is the Korsmeyer-Peppas model. The last one is commonly used to
escribe drug release from a polymeric matrix, where the diffusional ex-
onent ( 𝑛 ) characterizes the release mechanism ( Korsmqer et al., 1983 ).
he curve fittings from Eq. (3) are illustrated in the inset of Fig. 5 . The
alues of the fitted parameters are reported in Table 1 , where the mean
bsolute percentage deviation ( 𝜀 ) was included to determine the good-
ess of each kinetic model. 

The Higuchi model presented the greatest 𝜀 values. Since this model
onceives a purely diffusive process (squared root of time), the result in-
icates that our system would involve an additional release mechanism.
lso, 𝜀 values for Eq. (2) are larger at pH 1.6 than at pH 7, indicating

hat the additional mechanism plays a major role at the lowest pH. On
he other hand, the lowest 𝜀 values in Table 1 were obtained with the
rst-order model, where the release rate is directly proportional to the
oncentration of the remaining drug in the particle. Considering 𝑘 , one
1 
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Fig. 4. FTIR spectra of: (a) individual EW, CG, and 
INH; (b) EW/CG/INH microparticles under different 
curing treatments. 

Table 1 

Average values and standard deviation of first-order ( Eq. (1) ), Higuchi ( Eq. (2) ), and 
Korsmeyer-Peppas ( Eq. (3) ) model parameters, and mean absolute percentage deviation 
( 𝜀 ). 

MW 

(W) pH 

First order Higuchi Korsmeyer-Peppas 
𝑘 1 ( h 

− 1 ) 𝜀 (%) 𝑘 H ( h 
− 0.5 ) 𝜀 (%) 𝑘 P ( h 

− n ) n (-) 𝜀 (%) 

270 1.6 0.25 ± 0.07 0.014 0.23 ± 0.06 3.6 0.24 ± 0.06 0.70 ± 0.01 1.3 
7 0.18 ± 0.01 0.082 0.27 ± 0.01 0.35 0.32 ± 0.11 0.39 ± 0.24 0.05 

900 1.6 0.13 ± 0.01 0.001 0.12 ± 0.01 2.9 0.13 ± 0.01 0.72 ± 0.13 0.12 
7 0.11 ± 0.04 0.024 0.18 ± 0.05 0.44 0.20 ± 0.02 0.44 ± 0.26 0.09 

o  
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c
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a  
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L  
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a  
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t
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i  

g  

m  

I  
bserves that the release rate of particles treated at 900 W resulted 52%
nd 61% lower than those treated at 270 W, at pH 1.6 and pH 7, re-
pectively. This information is useful to optimize the release profiles by
ontrolling the curing conditions. 

In the Korsmeyer-Peppas model, 𝑘 P provides information on the
tructural characteristics of microparticles. The resulting 𝑘 P values in
able 1 indicate that the release was faster at pH 7 than at pH 1.6 under
oth curing conditions, and that the particles cured at 270 W delivered
he INH faster than the particles cured at 900 W. Also in this model, the
xponent 𝑛 is related to the drug release mechanism: 𝑛 < 0 . 5 indicates
hat drug release is controlled by Fickian process, since the rate of dif-
usion is much smaller than the rate of microparticle wall relaxation,
nd 0.5 < 𝑛 < 1 (non-Fickian diffusion) occurs when the drug release is
ontrolled by both diffusion and wall relaxation ( Korsmqer et al., 1983 ;
 i  

6 
anger & Peppas, 1981 ). Therefore, the 𝑛 values reported in Table 1 sug-
est that the INH release followed a non-Fickian diffusion at pH 1.6,
nd then a Fickian diffusion at pH 7. These results agree with the fact
hat Higuchi model ( 𝑛 = 0 . 5 ) departs from the experimental trends at
he lowest pH. 

. Conclusions 

We have investigated the microfluidics-based encapsulation of INH
n EW/CG microparticles and the drug delivery profiles in simulated
astrointestinal conditions. Spherical, monodisperse, and highly stable
icroparticles were obtained, which encapsulated the entire amount of

NH loaded in the formulation. The highly hydrophilic drug remained
n the particles until they were exposed to the release buffer. Different
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Fig. 5. In vitro release assay: Cumulative percentage of INH delivered by the EW/CG microparticles at 37 °C in buffer NaCl 0.05 mol/L, pH 1.6 (first 2 h) and buffer 
Tris–HCl 0.1 mol/L, pH 7 (the next 22 h). The inset shows an example of the fitting procedure used to obtain the kinetic model parameters. Symbols are experimental 
data (first 6.5 h of the experiment) and lines represent the fitting curves of Eq. (3) , with parameter values reported in Table 1 . 
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H  
ower levels of MW irradiation allowed us to modify the release profiles.
he overall result of the in vitro assay is that particles irradiated to 900 W
etter approach the requisites posed in Section 1 for the formulation
f INH, because only 22% of the drug was released under the gastric
nvironment, and the remaining drug was progressively delivered in
he ileum environment. Of course, in vivo assays would be required to
ather more accurate information and feedback the formulation. 

Furthermore, the release profiles were analyzed by using classical
inetic models, which enabled to hypothesize the release mechanism of
NH from the protein/polysaccharide microparticles. This analysis sug-
ests that drug delivery was faster at pH 7 than at pH 1.6, under both
uring conditions, and that microparticles cured at 270 W delivered
aster than those cured at 900 W. INH release followed a non-Fickian
iffusion at pH 1.6, and then a Fickian diffusion at pH 7. Some degree
f swelling and wall relaxation probably took place when microparti-
les came into contact with the release buffer at pH 1.6. Regarding ki-
etic equations, the best description of release profiles was given by the
rst-order model, according to the mean absolute percentage deviation.
his knowledge, together with the information on molecular interac-
ions in the encapsulating matrix revealed by IR spectrometry, opens
urther possibilities for the design of sustained release systems with de-
ired properties. Next step in our research line is the compartmentalized
oading of RIF in the same pharmaceutical prototype. Finally, it is worth
o remark that these possibilities are enabled by the versatility of the mi-
rofluidic process to control the operating conditions. 
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