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Introduction: Chitosan nanoparticles have garnered considerable interest in the field of drug delivery owing to their distinctive
properties, including biocompatibility, biodegradability, low toxicity, and ability to encapsulate a wide range of drugs. However, the
conventional methods (eg, the drop method) for synthesizing chitosan nanoparticles often face limitations in regard to controlling the
particle size, morphology, and scalability, hindering their extensive application in drug delivery systems. To overcome these
challenges, this study explores using a novel flow chemistry reactor design for fabricating clindamycin-loaded chitosan nanoparticles.
Methods: By varying two critical operating parameters of flow chemistry, namely, the flow rate ratio and total flow rate, the impact of
these parameters on the properties of chitosan nanoparticles is investigated using a central composite experimental design.

Results: The optimized conditions for nanoparticle preparation yielded remarkable results, with chitosan nanoparticles exhibiting
a small size of 371.60 nm and an extremely low polydispersity index of 0.042. Furthermore, using novel design flow chemistry reactor,
the productivity of chitosan nanoparticles was estimated to be 25,402.17 mg/min, which was ~12.71 times higher than that obtained
via batch synthesis.

Conclusion: The findings of this study indicate that the use of novel design flow chemistry reactor is promising for synthesizing
clindamycin-loaded chitosan nanoparticles and other polymeric nanoparticles intended for drug delivery applications. This is primarily
attributed to their ability to produce nanoparticles with a considerably reduced particle size distribution and smaller overall size. The
demonstrated high productivity of this technique suggests the potential for industrial-scale nanoparticle manufacturing.
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Introduction

Nanoparticles for drug delivery have witnessed significant advancements aimed at improving therapeutic outcomes and
patient experiences.' Among the various nanoparticle drug delivery systems, chitosan nanoparticles have been developed
and explored for a decade due to their unique properties, including biocompatibility,” biodegradability,” reduced toxicity,”
easy preparation,® and ability to encapsulate a wide range of drugs.” Chitosan is a natural biopolymer that can be easily
functionalized to obtain the desired targeted results and is also approved by Generally Recognized as Safe (GRAS) and
the US Food and Drug Administration (US FDA).®'° Moreover, the addition of chitosan can improve the solubility,'!
bioavailability,'* and mucoadhesive properties'® of drug delivery systems. Chitosan nanoparticles have been applied in
various drug delivery systems, such as colonic drug delivery,* nucleic acid drug delivery,'* ocular drug delivery,'> per-

oral delivery,'®?° pulmonary drug delivery,”' nasal drug delivery,”® mucosal drug delivery,”® gene delivery,”* vaccine
delivery and® vaginal drug delivery,”® as well as for cancer therapy.?’ Despite their many advantages and practical uses,

chitosan nanoparticles for drug delivery still face certain obstacles, such as their insoluble nature in neutral and alkaline

International Journal of Nanomedicine 2023:18 7889-7900 7889
Received: 3 August 2023 © 2023 Huanbutta et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/
AT terms.php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creativecommons.org/licenses/by-nc/3.0/). By accessing

Accepted: 13 December 2023
Published: 21 December 2023

the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed.
For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-9332-384X
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Huanbutta et al Dove

Graphical Abstract

Flow chemistry methods

TEM image

Clindamycin dissolved
in chitosan solution

Size: 371.6-nm
_..-PDI: 0.004

Zetapotential: 46.6 mV
Y,: Particle size > Drug entrapment: 12.35%
Y,: Zeta potential Drug loa_xd.ing: 2.69% )
Y;: Polydispersity index Productivity: 25.40 g/min
Y,: Entrapment efficiency
Y5: Drug loading

Central composite design

Reactor parameters Response

“ X,:Flow rate ratio
X,:Total flow rates

Sodium tripolyphosphate

TEM image

Clindamycin dissolved
in chitosan solution

Sodium tripolyphosphate ' Zetapotential: 41.3 mV
Drug entrapment: 11.09%
Drug loading: 2.42%

Conventional methods (batch synthesis) Productivity: 1.85 g/min

a” Size: 435.7 nm
@ e="""PDI: 0.122

pH solutions, which restricts their application to environments such as the bloodstream.*** Moreover, the conventional
method (ie, dropping drug and chitosan solution on stirred sodium tripolyphosphate (STPP)) used to prepare chitosan
nanoparticles often suffers from limitations regarding control over particle size, morphology, and scalability.*>® These
limitations have hindered their widespread application in drug delivery systems.

To address these challenges, there is a growing interest in developing advanced flow chemistry reactor designs for the
rapid and scalable preparation of nanoparticles. Flow chemistry reactors offer several advantages over traditional batch
reactors, including precise control over reaction parameters, enhanced reproducibility, and scalability for industrial
manufacturing.”*>° By leveraging the continuous flow nature of these reactors, efficient mixing and rapid reaction
kinetics can be achieved, resulting in improved control over particle properties.®’ Several nanoparticles for drug delivery,
such as PLGA-PEG nanoparticles,”> PLGA-Eudragit nanoparticles,®® and liposomes,’* have been produced using the
flow chemistry method with a microfluidic equipment. However, the production rate per microfluidic reactor is still
insufficient for large-scale industries. Moreover, particle formation can easily obstruct small channels in microfluidics
reactors.” Therefore, the advanced design of the mixer and reactor with a high production rate and mixing efficiency in
a short time is necessary for the future development of flow chemistry to synthesize nanoparticles.

The objective of this study is to explore the use of new flow chemistry reactor designs for the efficient and scalable
synthesis of chitosan nanoparticles in drug delivery systems. Clindamycin HCl as a model drug was selected to
investigate the efficacy of nanoparticle production within a novel reactor design intended for the delivery of hydrophilic
drugs. Then, the reactor process parameters, including the total flow rates and flow rate ratios between two reactants
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(chitosan solution and STPP solution with the model drug), were optimized to achieve the smallest particle size, high
drug-loading efficiency, and low particle size distribution, all of which can enhance the application and therapeutic
efficiency of chitosan nanoparticles. The chitosan nanoparticles prepared from the novel reactor and batch synthesis in
terms of key nanoparticle parameters and production rate were compared. Partial least squares (PLS) models revealing
process parameters and particle properties were generated for future chitosan nanoparticle development.

Materials and Methods

Materials

Chitosan (batch no. L112-200330/01) with a molecular weight of 30-80 kDa was acquired from BIO21, Thailand. STPP
with a batch number of 221,008 was obtained from Krungthep Chemical, Thailand. Clindamycin HCl was generously
provided by Bangkok Lab & Cosmetic Co., Ltd., Thailand. All remaining chemicals used in this study were of
pharmaceutical or cosmetic grade.

Fabrications of Chitosan Nanoparticles Using Flow Chemistry
Chitosan nanoparticles were prepared using the ionic gelation method, which is a common method for fabricating
chitosan nanoparticles due to its simplicity and effectiveness.**>® In this study, chitosan nanoparticles were prepared
using the flow chemistry reactor that was devised and three-dimensionally printed, as described in the previous study.*
The operating mechanism of the reactor involved feeding two liquids into the reactor and allowing them to mix rapidly
and uniformly inside the reactor, as shown in Figure 1. For this investigation, two solutions (chitosan with drug and
STPP) were combined in the reactor. To prepare the solution input for channel A, chitosan (0.5% w/v) was dispersed in
a 1% (v/v) acetic acid solution and stirred gently overnight. After adjusting the pH to 5, clindamycin was solubilized in
the chitosan solution to achieve 0.1% (w/v). For the solution input of channel B, 0.05% (w/v) STPP was prepared. Two
different solutions were fed to the reactor at varying ratios and total flow rates. Furthermore, the nanoparticles
disseminated in the mixture were collected for further analysis.

For comparison, chitosan nanoparticles were prepared using the beaker method, a conventional batch preparation
procedure adapted from a previous study by Seila et al.*’
concentration was dropped into STPP aqueous solution (0.05% (w/v)) using the flow chemistry method.

Chitosan solution with clindamycin at a similar drug-polymer

Experimental Design
Herein, experiments were conducted using a central composite design to disclose the effects of the flow chemistry
operating parameters and determine the optimal condition. Two factors, ie, the flow rate ratio between channel A and
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Figure | Schematic of reactant flow through the flow chemistry reactor.
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Table | The Experimental Runs of a 2-Factor, 3-Level Central Composite Design Involved
Applying Different Flow Rate Ratios and Total Flow Rates

Run Number Flow Rate Ratio (X,) Total Flow Rate (X;)

Code Value | Actual Value | Code Value | Actual Value (mL/min)

-1 30
-1 30
100
100

v N

A A DN DN DNRNOGUOUVWOLW

65
o 15.5
o 114.5
0 65
0 65
0 65

— — 0 00 N o U1 AW N —

— o

channel B (X;) and the total flow rate (X,), varied as shown in Table 1. Eleven experimental runs, which contained three
central points, were generated using Design-Expert version 10. After the chitosan nanoparticles were prepared according
to the experimental design, five responses were accessed, including hydrodynamic diameter (nm, Y}), zeta potential (mV,
Y,), polydispersity index (Y3), entrapment efficiency (%, Y,), and drug loading (%, Ys).

Evaluation of Chitosan Nanoparticle

Hydrodynamic Diameter, Polydispersity Index, and Zeta Potential

The mean diameter, polydispersity index (PDI), and zeta potential of the chitosan nanoparticles were determined using
a Zetasizer (MAL1070387, Malvern, UK) to determine their mean diameter, PDI, and zeta potential. Before the analyses,
the samples were diluted to 0.5% w/v using deionized water as the solvent and then agitated for 3 min before

measurement.*' The average and standard deviation of the measurements for three batches of samples were reported.

Drug Entrapment Efficiency and Drug Loading

The entrapment efficiency percentage (%EE) of clindamycin in the nanoparticles was determined by separating the free
drug from the dispersion of the nanoparticles. The method was modified by referring to a previous study.*” Thus, 12 mL
of each sample was centrifuged for 30 min at 5000 rpm and 4°C using an ultracentrifugal filter unit (Amicon® Ultra-15
Centrifugal Filter Unit, Merck). The filtrate was then collected and analyzed for clindamycin content through high-
performance liquid chromatography using Shimadzu LC-20AD (SPD-M20A, Shimadzu, Nakagyo, Japan). A reverse-
phase C18 column 25 cm x 4.6 mm, 5 um (Phenomenex, USA) was used as the stationary phase, which was maintained
at 40°C. As the mobile phase, a mixture of acetonitrile and pH 7.5 phosphate buffer at a ratio of 9:11 (v/v) was used,
which flowed isocratically at a rate of 1.0 mL/min. Ultraviolet detection was accessed at 210 nm (SPD-M20A model),
and the injection volume of the samples was 10 uL. Then, the %EE was calculated using Eq. (1), considering the total
concentration of clindamycin (C;) used to prepare each nanoparticle sample (C).

C—C
%EE :%xloo (1)

t

The drug-loading percentage (%DL) was calculated using Eq. (2), considering the total concentration of chitosan used
(C)) to prepare the respective nanoparticle sample.

Ct_Cs
%DL =—% %100 2
° C—Ct G | @)
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Morphology of the Nanoparticles

The morphology of the nanoparticles was analyzed by transmission electron microscopy (TEM; Tecnai 20, Philips,
Eindhoven, The Netherlands). The samples were diluted at a ratio of 1:200 (v/v). A sample drop was then placed on
a carbon-coated copper grid, followed by negative staining with a 1% aqueous solution of phosphotungstic acid after 15
min. The grid was air-dried thoroughly, and the samples were viewed on a TEM.*

Nanoparticle Production Capacity of Flow Chemistry and Batch Synthesis

The production capacities of chitosan nanoparticles prepared by flow chemistry and batch synthesis were compared. The
dispersion obtained from both methods was collected and dried. The amount of nanoparticles produced (in milligrams)
per minute was then calculated to determine the production capacities of each method.*

Statistical Analysis
Analysis of variance and Levene’s test for homogeneity of variance using SPSS version 11.5 for Windows (SPSS Inc.,
USA) were performed. Depending on whether the Levene’s test was insignificant or significant, post hoc testing (p <

0.05) of the multiple comparisons was performed using either the Scheffé test or the Games—Howell test, respectively.

Results and Discussion
Properties of the Nanoparticles

In this design space, the hydrodynamic diameter of chitosan nanoparticles (Y;) produced by the novel design flow
chemistry reactor ranged between 272.9 and 393.7 nm. The effect of flow rate ratio (X;) and total flow rate (X5) is
expressed using the PLS model and response surface, as shown in Table 2 and Figure 2, respectively. As demonstrated in
Table 2, the flow rate ratio (between channel A and channel B) and the total flow rate considerably impacted the size of
the produced chitosan nanoparticles. The fit of the Y; PLS model was statistically considerable, with p values and
F values of 0.033 and 17.93, respectively. Figure 2a depicts the response surface of the relation between the hydro-
dynamic diameter and the ratio of flow rate to total flow rate. As illustrated in the response surface, a high flow rate ratio
(high volume of channel A) and a low total flow rate could increase the hydrodynamic diameter. This might be because,
during nanoparticle formation, a higher flow rate ratio with a higher volume of channel A (chitosan and drug) and a lower
volume of channel B (STPP) lead to a decrease in the mass transfer and reaction rate. This is attributed to a lower cross-
linking density, where insufficient cross-linking can result in the formation of larger aggregates instead of well-defined
nanoparticles. Additionally, a higher concentration gradient might slow down the cross-linking reaction, allowing more
time for particle growth before stabilization occurs.** In addition, a lower total flow rate increases the residence time of
the nanoparticles in the reaction or formation zone. Further, longer residence durations may permit increased particle
growth or aggregation, resulting in particles with larger sizes.*> The findings of this study align with those of a prior
investigation that reported that increased flow rates lead to decreased residence durations, limiting the duration of

nucleation and nanoparticle formation.*”

Table 2 Partial Least Square (PLS) Regressions Showing the Relationships Between Reactor Operating Conditions and Chitosan
Nanoparticle Properties

Response Variables Unit PLS Models P-value | F-Value R?

Y, Particle size nm Y|=21.54X,-37.6X,-28.25X,%+368.47 0.0033* 17.93 0.9472
Y, Zeta potential mV | Y522.09X5+2.10X, X5-5.09X,2X,+4.78X , X,2+40.57 0.0144* 21.51 0.9805
Y; | Polydispersity index - Y3=0.0207X,X,-0.0340X 1 2-0.463X,2+0.1012 0.0034* 17.67 | 0.9464
Y, | Entrapment efficiency | % | Y4=0.786X,+0.3275X,X,+0.7294X,2-1.03X,2X,-0.5644 X, X,2+10.52 0.0112* 25.64 | 0.9836
Ys Drug loading % | Ys5=0.1671X,+0.0697X,X,+0.1552X,2-0.2182X,2X,-0.1202X,X,2+2.30 | 0.0112* 25.62 | 0.9835

Notes: *Model statistically significant (P value < 0.05).
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Figure 2 Response surface plots (three-dimensional) showing the influences of different flow rate ratios and total flow rates on (a) particle size, (b) zeta potential, (c)
polydispersity index, (d) entrapment efficiency, and (e) drug loading.

In all the experimental runs, the zeta potential values (Y,) of the chitosan nanoparticles were between 30.6 and 45.6
mV. Chitosan nanoparticles often exhibit positive zeta potential values due to the presence of amino groups (—NH;) on
the chitosan polymer chain. The positive zeta potential arises from the protonation of the amino groups in an aqueous
environment.* The positive zeta potential of chitosan nanoparticles, which is >30 mV, generates electrostatic repulsion
between particles with similar charges. This repulsion prevents nanoparticles from aggregating or adhering to one
another, stabilizing the suspension and preserving particle dispersion.**

According to Table 2, the total flow rate (X,) and the interaction between the flow rate ratio (X;) and the total flow
rate (X,) have considerable effects on the zeta potential values of chitosan nanoparticles. As illustrated in Figure 2b, the
relation between them is quadratic (a curved or nonlinear relation). Changes in the concentration of chitosan can
influence the charge density of the nanoparticles. At low and high concentrations, the charge density may vary with
changes in the flow rate ratio and total flow rate. Moreover, the interaction between these factors can lead to complex
particle growth and aggregation behaviors. Depending on the specific conditions, there may be an optimal range of flow
rate ratio and total flow rate, in which the zeta potential values are maximized or minimized, resulting in a quadratic
relation.*®

The PDI values of chitosan nanoparticles (Y3) prepared from the novel design flow chemistry reactor were
surprisingly low, ranging between 0.001 and 0.106, which indicates a high level of size uniformity. As presented in
Table 2, PLS regression conducted to predict PDI values (Y3) was considerably fit at a p value of 0.0034 and an F value
of 17.67. Figure 2c presents the response surface illustrating the impact of the total flow rate and flow rate ratio on PDI. It
reveals that PDI rose when the experimental run was in the middle of the design space. Therefore, the perimeter of the
design space offered an exceptionally low PDI, according to the response surface plot. This may be because a total flow
rate that is too low or too high and not a proper chitosan and STPP mixing ratio resulted in inconsistent particle formation
in the reactor, as reported previously.>’

According to Table 2, The %EE of the chitosan nanoparticles (Y4) under the experimental design was between
10.36% and 13.16%. The PLS regression of %EE (Y4) was considerably fit at a p value of 0.0112 and an F value of
25.64. As shown in Figure 2d, their relation was quadratic. However, the resulting %EE was not high, despite the
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significant effects of the total flow rate (X;) and the interaction between the flow rate ratio (X;) and the total flow rate
(X5) on %EE. The observed low %EE can be attributed to the high solubility of the model drug (clindamycin HCI) in
water, which may result in drug leakage during particle formation*® as well as short retention time in the reactor and
mixer. The fast dissolution of the drug hinders its effective encapsulation, particularly for hydrophilic drugs, which
require more time for entrapment.*’ Furthermore, it has been previously observed that the high mixing index of the
vortex reactor can effectively improve drug solubility during the particle production process. This factor contributes to
the diminished efficacy of nanoparticle drug entrapment.*® However, in future studies, optimizing formulation parameters
and process conditions, such as adjusting the drug-to-polymer ratio and adding more mixer connections to extend the
retention time, may help enhance drug entrapment efficiency.

In all experimental runs, the %DL (Y's) was in the range of 2.36%—2.86%. The results obtained from the PLS model,
as presented in Table 2 and Figure 2e, indicate that the total flow rate (X;) and interaction between the flow rate ratio (X;)
and the total flow rate (X,) exhibited a significant effect on %DL (p = 0.0112). However, the observed %DL was not
considerably high, similar to the previously discussed low %EE. This suggests that the factors contributing to the limited
drug loading are likely analogous to those affecting the drug entrapment process, as previously described. Further
investigations and optimization strategies are warranted to improve drug loading in future endeavors.

Optimization and Predictability of the PLS Model

Valuable insights into the optimization of conditions for preparing desired chitosan nanoparticles were obtained from the
PLS regression models and response surfaces. Based on the determined constraints and desirability of the responses
(Table 3), the optimized conditions were X; (flow rate ratio) = 3 and X, (total flow rate) = 30 mL/min, resulting in
a desirability value of 0.652. Further, the predicted responses from the PLS regression models were compared with the
actual test values and the prediction ability percentages were calculated, as shown in Table 4. The analysis revealed that
the PLS regression models exhibited a considerable degree of predictive capability across all responses, with accuracy
levels ranging from 67.39% to 99.94%. Three responses, namely, Y, (zeta potential), Y, (entrapment efficiency), and Y5
(drug loading), demonstrated excellent predictive capability. These findings indicated that the regression models

Table 3 Constraint and Desirability of Independent Variable (X)
and Responses (Y)

Independent variable (X) Constraint Request to
X, Flow rate ratio 259 < X, £541 In range
X, | Total flow rates (mL/min) 155 <X, <1145 In range
Responses (Y) Predicting range Target to
Y Particle size (nm) 2729 <Y, 3937 Minimize
Y, Zeta potential (mV) 306 <Y, <456 Maximize
Ys3 Polydispersity index 0.001 Y3 <0.106 Minimize
Y4 | Entrapment efficiency (%) 10.36 = Y, = 13.16 Maximize
Ys Drug loading (%) 236 < Y5 <286 Maximize

Table 4 Comparison Between the Predicted Responses from the Partial Least Squares
Regression Models, Actual Test Values, and Prediction Ability Percentages

Responses | Predicted Responses | Actual Test Values | Prediction Ability Percentages
6 341.14 nm 371.60 nm 91.08%
Y2 41.07 mV 41.10% 99.94%
Y3 0.032 0.042 67.39%
Y4 12.42% 12.35% 99.45%
Ys 2.70% 2.69% 99.45%
International Journal of Nanomedicine 2023:18 https: 7895
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Figure 3 Transmission electron microscopic images of chitosan nanoparticles synthesized using (a and b) the novel design flow chemistry reactor and (c and d) the batch
synthesis method (white arrows indicate chitosan nanoparticles).

successfully captured the relation between the operating parameters and their specific responses. The accurate predictions
of the operating parameters further validated the effectiveness of the PLS regression models in understanding and
optimizing the synthesis of chitosan nanoparticles.

Particle Morphology

The particle morphology of the chitosan nanoparticles synthesized using batch synthesis and the novel design flow
chemistry reactor were examined through TEM, as illustrated in Figures 3a-d, respectively. Both techniques provided
spherical-shaped particles. The chitosan nanoparticles produced using batch synthesis exhibited an average size ranging
from 30 to 120 nm. This value was considerably greater than that of the nanoparticles produced using the novel design
flow chemistry reactor, which had a diameter of ~40—60 nm. This observation aligns with the size report obtained using
the dynamic light scattering technique (Y ). The particle size determined via TEM was smaller than that determined via
dynamic light scattering methodology (hydrodynamic diameter). TEM is less likely to be affected by factors such as the
shape of the particles or the presence of aggregates. Moreover, TEM has a higher resolution than light scattering. This
implies that TEM has the capability of discerning finer details within the structure of particles.***’

Furthermore, as compared with the nanoparticles produced using the novel design flow chemistry reactor, the size
dispersion of the chitosan nanoparticles obtained from batch synthesis exhibited noticeable variations. The disparities in
particle morphology, size, and size dispersion among the chitosan nanoparticles synthesized through batch synthesis and
the novel design flow chemistry reactor can be attributed to several factors. Using the batch synthesis method, which
involves a bulk preparation process, may result in slower and less controlled mixing, leading to an uneven distribution of
reactants and subsequent particle formation, resulting in a wider size dispersion. On the contrary, the continuous flow
nature of the flow chemistry design enables precise control over reaction parameters and improved mixing efficiency,
resulting in better homogeneous nucleation and particle growth. This promotes a narrower size distribution and a smaller

average particle size.”*"!
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Table 5 Comparative Information Regarding Chitosan Nanoparticles Prepared Using
Batch Synthesis (Conventional Method) and the Novel Design Flow Chemistry

Nanoparticle Properties Preparation Method P-value
Batch Synthesis Flow Chemistry
Particle size 435.73+£52.71 nm 371.60+83.92 nm 0.046*
Zeta potential 41.30+1.22 mV 41.07+£0.72 mV 0.439
Polydispersity index 0.12+0.00 0.04+0.00 <0.001**
Entrapment efficiency 11.10£0.02% 12.35+0.04% <0.001**
Drug loading 2.43+0.00% 2.69+0.01% <0.001**
Productivity 1,852.054+8.76 mg/min | 25,402.50+79.35 mg/min | <0.00|**

Notes: *p-value < 0.05, ** p-value < 0.001.

Nanoparticle Production Capacity of Flow Chemistry and Batch Synthesis

Table 5 presents comparative information regarding chitosan nanoparticles prepared using batch synthesis (the conven-
tional method) and the novel design flow chemistry reactor. Moreover, the table provides a comprehensive overview of
the properties, including size, zeta potential, polydispersity index, entrapment efficiency, and drug loading, as well as the
manufacturing productivity of chitosan nanoparticles synthesized through batch synthesis and the novel design flow
chemistry reactor. The hydrodynamic diameter and polydispersity index of the chitosan nanoparticles synthesized
through flow chemistry were considerably lower than those obtained through batch synthesis. The disparities we
observed in the properties and manufacturing productivity of chitosan nanoparticles synthesized through batch synthesis
and the innovative design of flow chemistry were consistent with the findings obtained from the TEM morphology
analysis, as presented in the results and discussion of particle morphology. In addition, the productivity of chitosan
nanoparticles achieved through flow chemistry was considerably higher, ~12.71 times greater, than that of the batch
synthesis method. These findings emphasize the advantages of recent design flow chemistry in terms of enhanced control,
uniformity, and scalability for synthesizing chitosan nanoparticles at the industrial production level.

Compared with the study of microfluidic flow chemistry by Fatemeh et al>* the present investigation demonstrated
that the size of the chitosan nanoparticles obtained through the novel flow chemistry design was larger, ranging between
272.9 and 393.7 nm. This disparity in size can be attributed to the longer residence time in the flow chemistry system,
which allows for increased particle growth.>®> However, the PDI of the nanoparticles synthesized through flow chemistry
was considerably lower than the microfluidic approach. This indicates a higher level of size uniformity and a more
homogeneous distribution of particles in the flow chemistry system. In addition, a notable advantage of the contemporary
flow chemistry design is its considerably higher productivity compared to microfluidic technology, allowing for a faster
and more efficient synthesis of chitosan nanoparticles.

Conclusions

The use of advanced flow chemistry reactor designs to synthesize chitosan nanoparticles in drug delivery systems holds
great promise for improving nanoparticle production efficiency and their properties. This study successfully optimized
the parameters of the reactor process, including flow rate ratios and total flow rates, to achieve the desired nanoparticle
properties. The PLS regression models obtained from the CCD experimental design exhibited satisfactory predictability,
providing valuable insights regarding the relation between the reactor operating conditions and nanoparticle properties.
The use of novel design flow chemistry reactor resulted in the production of drug-loaded chitosan nanoparticles
exhibiting notably reduced particle sizes and an exceptionally low polydispersity. Furthermore, the nanoparticle synthesis
productivity obtained through flow chemistry was considerably greater than that obtained via batch synthesis.
Nevertheless, when loading highly soluble drugs into nanoparticles, it is imperative to continuously monitor the drug-
loading percentage and drug encapsulation effectiveness. The observed occurrence can be attributed to the notable
efficacy in mixing and the short period of material retention within the vortex reactor. Overall, this study underscores the
potential of the advanced flow chemistry reactor design as an efficient and scalable approach for synthesizing chitosan
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nanoparticles or other polymeric nanoparticles, contributing to advancements in drug delivery systems and enhancing the
therapeutic efficacy. To substantiate the efficacy of this novel mixer and reactor design in the manufacture of drug
delivery nanoparticles, additional investigations including different model drugs and alternative nanoparticle formations,
such as liposomes, ethosomes, solid lipid nanoparticles, and others, are necessary.
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