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Abstract

Poly(ε-caprolactone)-block-poly(ethylene glycol)-poly(ε-caprolactone) (PCL-PEG-PCL, triblock) and Poly(ε-caprolactone)-
block-(poly(ethylene oxide)−poly(propylene oxide)−poly(ethylene oxide)-poly (ε-caprolactone) (PCL‑PEO-PPO‑PEO‑PCL, 
pentablock) copolymers were synthesized by transesterification with reduction of PCL molecular mass, enabling fewer 
reactions, lower temperatures, and eliminating extensive purification steps. Free hydrophilic groups were removed 
from the samples by selective precipitation, and 1H-NMR, FTIR, GPC and DSC analyses characterized the structure 
and properties of the resulting copolymers. The detection of remaining hydrophilic groups indicates the formation 
of the amphiphilic block copolymers (BCPs). Further, we obtained polymeric nanoparticles with monodisperse size 
distribution profiles by nano-precipitation from both the triblock and the pentablock copolymers using a microfluidic 
device, resulting 144.6 and 188.9 nm size and 0.093 and 0.102 nm polydispersity index, respectively. The nanoparticle 
assembly depends on the copolymer composition, and the possibility of nanoparticle assembly corroborates to the block 
structure of the copolymers, and the success of this synthesis route to obtain BCPs.
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1. Introduction

Over the past decades, poorly water-soluble compounds 
have shown their potential as drug candidates[1]. Unfortunately, 
despite the extensive development and applicability of these 
hydrophobic therapeutic agents, efficient delivery is often 
a challenge. Due to their frequently low molecular weight, 
rapid clearance occurs within the body, and the use of high 
doses is needed to compensate for its clearance and achieve 
therapeutic doses. Also, their organ and tissue distribution 
are often nonspecific, which enhances the probability of 
its accumulation in healthy tissues, enhancing toxicity and 
undesirable side effects, obviating the need for delivery 
alternatives[2].

Among numerous available strategies to achieve 
trigger-release, the use of block copolymer systems has 
proven effectiveness[3-5]. Its diversity and versatility meet the 
need for more continuous therapeutic drug effect, enabling 
the transport and release of the active agent at specific 
sites, specific times or after a specific stimulus, increasing 
efficiency and minimizing side effects[6-8]. Moreover, its 

mechanical and physicochemical properties, in general, 
can be changed and improved by simple manipulation of 
the amphiphilic block and its ratio. Such characteristic 
together with the production of self-assembled structures, 
commercial availability, biocompatibility, biodegradability, 
ease of synthesis and the ability to stabilize hydrophobic 
compounds that are otherwise insoluble in an aqueous 
environment make block copolymers an exciting class of 
materials with countless applications, including medicine. 
Therefore, the use of block copolymers in controlled drug 
delivery foments the research of the different amphiphilic 
copolymers combinations and different synthesis routes.

A mandatory characteristic regarding drug carriers 
based on block copolymers are the biocompatibility and the 
biodegradability of the polymeric building blocks. Among 
amphiphilic copolymers, poly (ethylene glycol) (PEG) and 
some poloxamers (poly(ethylene oxide)−poly(propylene 
oxide)−poly(ethylene oxide), PEO−PPO−PEO) such as 
Pluronic F127 (F127) are known to provide interesting surface 
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 properties to the nanocarrier, are commercially available, 
biodegradable and are safe for internal use, what make them 
interesting for scientific and technological purposes[9]. Among 
the hydrophobic ones, poly (ε-caprolactone) (PCL) holds 
unique properties such as biodegradation within the body due 
to hydrolysis of its ester bonds. Moreover, PCL is an important 
starting point for building advanced polymer architectures[10]. 
For instance, ε-caprolactone (ε-CL) polymerization can be 
achieved by direct condensation, and by the use of anionic, 
cationic and nonionic-nucleophile initiators. However, block 
copolymers synthesis, in special the ones associated to PCL, 
often relies on ring-opening polymerization (ROP) routes that 
frequently depend upon high polymerization temperatures; 
long polymerization time; and multiple and extensive reaction 
steps, exemplified ROP reactions are shown in Table 1.

As an alternative, transesterification reaction has been 
used to obtain polymers with a narrow distribution of 
molecular weights and functionalized, i.e., with hydroxyl 
sides (diol polymers). The use of this process enables the 
production of hydroxyl telechelic polymers that can, for 
instance, be used to obtain block copolymers or to insert 
signaling structures. Several studies were conducted to 
obtain polymers with narrow molecular weight distribution 
and hydroxyl terminations through trans-esterification for 
block polymers production[24-28].

A reduction in the use of toxic reagents, reaction time, 
and steps lead to an increase in efficiency in the synthesis 
process, not requiring extensive purification steps. Therefore, 
in this paper, the poly(ε-caprolactone)-block-poly(ethylene 
glycol)-poly(ε-caprolactone) (PCL-PEG-PCL, triblock) 

and the poly(ε-caprolactone)-block-(poly(ethylene 
oxide)−poly(propylene oxide)−poly(ethylene oxide)-poly 
(ε-caprolactone) (PCL-PEO-PPO-PEO-PCL, pentablock) 
copolymers are synthesized by transesterification with 
reduction of PCL molecular weight, in the presence of 
Pluronic F-127 or PEG. The resulting copolymers were 
characterized by gel permeation chromatography (GPC), 1H 
nuclear magnetic resonance (1H NMR), Fourier transform 
infrared spectroscopy (FTIR), and differential scanning 
calorimetry (DSC). This procedure represents an easy and 
low-cost way to obtain block copolymers with a degree of 
blockiness different from those previously reported[9,29,30].

Additionally, this paper also shows some interesting results 
of using synthesized block copolymer as building units for 
active pharmaceutical compounds nanocapsules synthesis 
by the microfluidic route employing nanoprecipitation 
strategy. It was used a homemade microfluidic device for 
nanoprecipitation, which is a development of the nanonization 
technique used for nanoparticle generation in fields like drug 
formulation and chemistry, among others[31-37].

2. Materials and Methods

2.1 Materials

Pluronic F-127 (MwF127 is 12,600 g·mol-1) was purchased 
from Viabrasil, polycaprolactone 80,000 g·mol-1 (PCL) from 
Sigma-Aldrich, poly(ethylene glycol) (PEG, MwPEG 6,000 g·mol-1) 
from Synth, Diadema, Brazil and p-toluene sulfonic acid, PA, 
from Anidrol for block copolymer synthesis. All used solvents 

Table 1. Literature review - ROP reactions.
Functional reactant ending groups Catalyst Reaction Reference

OH Sn(Oct)2
[11-17]

NH2
[18]

Epoxy [19]

Br [20]

Triple bond Ítrium complex [21]

Sangers solvent [22]

Nd(BH4)3(THF)3
[23]



Synthesis and characterization of amphiphilic block copolymers by transesterification for nanoparticle production

Polímeros, 29(2), e2019027, 2019 3/12

and salts were from Dinâmica Química Contemporânea 
Ltda, Diadema, Brazil.

2.2 Synthesis methods of block copolymers

A Dean Stark apparatus setup was used for all reactions. 
It consists of a 500 mL round bottom flask, reflux condenser, 
heating mantle with magnetic stirring and thermometer with 
sodium sulfate as drying material. An adaptation of a literature 
procedure enabeled the preparation of PCL‑F127‑PCL and 
PCL-PEG-PCL[26]. The initial polymers and the catalyst 
4-toluenesulfonic acid (p-TSA) were dissolved in 150 mL 
of toluene. The mixture was kept under reflux at 110 °C. 
Table 2 shows all specific quantities, together with the 
reactions times. Reactions C and D were kept stirring 
for 2 hours before reflux. The solute concentration at the 
beginning of the reaction was between 25-50 mg·mL-1. 
After cooling to room temperature, the remaining solvent 
in the sample was removed using a rotatory evaporator. 
Then, the content was dissolved in 5 mL of dichloromethane 
(DCM). The amphiphilic block copolymer was isolated 
from hydrophilic polymers by selective precipitation with 
50 mL of cold ethanol, under magnetic stirring. Finally, the 
material was dried at 40 °C for 24 hours.

2.3 Purification of block copolymers

The produced amphiphilic block copolymers were 
recovered by selective precipitation method with cold 
ethanol as non‑solvent for hydrophobic blocks, under 
magnetic stirring. The material was dried at 40 °C for 
24 hours. The  block diagram illustrates this procedure, 
shown in Figure 1.

2.4 Characterization of block copolymers
2.4.1 Determination of molecular weight by Gel Permeation 
Chromatography (GPC)

Viscotek TDAmax equipment, 2X Viscogel column and 
refractive index detector were used for GPC analysis, and 
a method was validated according to a standard procedure 
based on the comparison of chromatographic profiles of 
mixtures of different molecular weight polystyrene (PS) 
standards. Briefly, tetrahydrofuran (THF) at 0.5 mL·min-1 
flow rate was used as the chromatography eluent and 35 °C 
as the column’s and detector’s temperature. The sample 
was dissolved in THF (10 mg·mL-1) and 100 μL of this 
solution was injected into the chromatography column for 
conducting the GPC analysis.

2.4.2 Hydrogen Nuclear Magnetic Resonance Analysis (1H NMR)

Agilent 400 MR spectrometer conducted the 1H 
NMR measurements at a frequency of 400 MHz at 25 °C. 
Approximately 7 mg of each sample was dissolved in 
600 μL of deuterochloroform (CDCl3), containing 0.05% 
of tetramethylsilane (TMS) to reference the chemical shift.

The values of the molar masses were estimated as follows: 
the value of 195 protons was attributed to the characteristic 
signal of propylene glycol methyl in 1.13 ppm of F127, 
from the molar mass value provided by the manufacturer. 
Integrations of other signs provided the other amounts of 
protons. The molar mass of the block copolymer was obtained 
by the sum of the molar mass F127 (12,600 g·mol-1) plus 
the mass of PCL incorporated, according to Equation 1. 
The PCL mole number was obtained by Equation 2.

( ) ( )*. n cl 114g12 600gM cba
mol mol

= + 	 (1)

( ) * 4 ppmn cl 195
2

∫
=  	 (2)

Where:
M (cba) = molar mass of amphiphilic block copolymer 
(g.mol-1).
n (cl) = number of mols of caprolactone (mol).

2.4.3 Attenuated total reflectance with Fourier transform infrared 
(ATR - FTIR)

The IR spectra were obtained for solid samples using 
a Nicolet 6700 FT-IR spectrometer fitted with ATR, in the 
range of 4000 to 700 cm-1 and 128 accumulations. The Smart 
OMNI software was used for data processing.

2.4.4 Differential Scanning Calorimetry Analysis (DSC)

The samples were prepared using a sealed aluminum 
pan and analyzed by Shimadzu DSC-60. Three temperature 
ramps were done as follows: -80 °C to 120 °C; 120 °C to 

Table 2. Compositions and reaction times of the PCL/F127/PCL pentablock and PCL/PEG/PCL triblock copolymers synthesis.
Reaction F127/PCL (m/m) PEG/PCL (m/m) p-TSA (wt. %) Reaction time (h)

A - 0.63 2.5 18
B 0.63 − 1.5 18
C 2 − 7 4
D − 2 7 4

Figure 1. Bock diagram representing the production and 
purification methods used. *Only for reactions C and D.
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-80 °C; and -80 °C to 120 °C; all at 10 °C·min-1 heating 
and cooling rates and with 50 mL·min-1 nitrogen gas flow.

2.5 Block copolymer nanocapsule synthesis and 
characterization
2.5.1 Microfluidic device

For nanocapsule synthesis, in-flow nanoprecipitation 
technique was used. In this technique, block copolymers 
and active pharmaceutical compound were dissolved using 
acetone to obtain an organic solution. This solution is placed 
in contact with an antisolvent flow inside the microfluidic 
device. High material concentration regions are created 
due to the solvent diffusion from the organic phase into the 
antisolvent flow. At these regions the material is no longer 
soluble in the solvent - antisolvent mixture, increasing its 
concentration. When a material concentration exceeds a 
critical level, spontaneous nucleation takes place, generating 
nanoparticles[38, 39].

For implementing the nanoprecipitation strategy using 
microfluidics techniques, a 3D flow focalization homemade 
LTCC (Low Temperature Co-fired Ceramic) microfluidic 
device was fabricated, Figure 2a. The device consists in an 
organic phase input, dissolved material, DM, (Hydraulic 
Diameter DH = 214.6 µm), the anti-solvent (AS) inputs and 
the nanoprecipitation channel (NPC) (DH = 772 µm and 
length 6.5 mm). The DM and NPC channels are centered. 
The four AS inputs have an input angle of 45º to the NPC 

direction. Device inputs geometry makes possible the 3D 
flow focalization which highly improves the nanoprecipitation 
process due to a better solvent diffusion process from the 
dissolved material flow stream to the surrounding antisolvent 
flow[39,41].

Microfluidic device fabrication employed the typical 
LTCC process[40]. DuPont green LTCC ceramic tapes 
951P2 and 951PX were used. Layers were fabricated 
using a prototyping machine equipped with an ultraviolet 
laser (355 nm wavelength), model LPKF Protolaser U3 
(LPKF Laser & Electronics AG). One step thermo-compression 
lamination process was performed by means of a uniaxial 
laminator with a pressure of 11.8 MPa at 70 °C (hydraulic 
press machine, model MA098/A30, Marconi). Previous to 
the lamination process, the aligned sheets were baked at 
60 °C for 20 min. For sintering we used a muffle furnace 
(EDG Equipment, model EDG10P-S), in a two-stage 
profile: first, heating the device at 450 °C for 30 min. and 
in sequence, sintering at 850 °C per 30 min.

The input and output brass fluidic interconnection 
tubes were glued to the ceramics using a high-temperature 
epoxy (EPO-TEK 353ND). For the gluing process, a hot 
plate at 150 °C for 2 min was used. The fabricated 3D flow 
focalization microfluidic device is showed in Figure 2b).

2.5.2 Sample preparation

Organic phase fluid dissolved material was prepared 
from 1 g of synthesized pentablock PCL-F127-PCL 
copolymers and 100 mg of Hydrocortisone Acetate and 
mixed in 20 mL of Acetone (Sigma Aldrich) until complete 
dissolution. As Antisolvent (AS) fluid material we used 
100 mL of purified DI water (Aqueous phase). A Milli-Q 
system (Millipore Corporation, USA) was employed to 
obtain the purified water.

For pumping the DM and AS into the microfluidic device 
at the desired flow rate (QDM and QAS, respectively) two 
syringe pumps (PHD 4400, Harvard Apparatus) were used.

2.5.3 Dynamic Light Scattering (DLS)

DLS analyses were carried out using a laser particle 
analyzer (Zetasizer Nano ZS, Malvern Instruments) using 
the manufacturer’s software as the calculation method, in 
water. DLS measurements were based on 3 repetitions of 
70 accumulation times. Samples were analyzed at 25 °C 
with a scattering angle of 90° and at 633 nm, based on a 
dispersant refractive index (RI) of 1.33, a viscosity of 0.89 
and a dielectric constant of 78.3.

3. Results and Discussions

3.1 Synthesis and Characterization of PCL/F127/PCL 
and PCL/PEG/PCL block Copolymers

PCL/PEG/PCL triblock (reactions A and D) and 
PCL/F127/PCL pentablock (reactions B and C) copolymers 
were successfully synthesized by transesterification 
(Table 2). 1H-NMR spectrums were recorded to confirm 
the structure of the copolymers. In the spectra of the 
triblock produced by reactions A and D, shown in 
Figures 3b and c, the peaks at 3.64 ppm were attributed 
to the ethylene protons of the PEG ethylene glycol units 

Figure 2. 3D Hydrodynamic focalization microfluidic device. 
a) Micro channels geometry; b) Manufactured microfluidic device. 
Anti-solvent = Organic Phase; Dissolved Material = Aqueous 
Phase. Adapted from Cobas-Gomez[39] and Cobas-Gomez et al.[40].
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(a, b). Peaks of ethylene glycol units were also found in 
the spectra of pentablock PCL/F127/PCL produced by 
reactions B and C, and attributed to the F127 units (a, b), 
shown in Figures 4b and c. Due to the high molecular weight 
of the analyzed copolymers, only a weak 1H-NMR signal 
at 4.23 ppm is seen from terminal ethylene units of PEG, 
but it was still characterized for all samples, as shown in 
Supplementary Material S1-S4. In Figures 4b and c, the 
very weak peak at 1.14 ppm was identified as the methyl 
protons of the F127 unit (c), and was not identified in the 
PEG copolymer due to the absence of methyl protons in 
the PEG copolymer structure, shown in Figure 3a. Peaks 

Figure 3. BCP formula (a) and 1H-NMR spectrum of PCL/PEG/PCL triblock copolymer, reactions A (b) and D (c), respectively. 

at 1.38, 1.65, 2.31, and 4.06 ppm were assigned to the 
methylene protons in PCL units (identified as f, e, d, g, 
respectively), and therefore present in all copolymer 
products, both tri and pentablocks due to the existence of 
PEG units, which is very similar to the literature reported 
spectrum. In particular, the weak 4.06 ppm peak correlates 
to the methylene protons of a PEG and F127 end units 
that are connected with PCL blocks[42]. It is important 
to remind that free F127 and PEG groups were isolated 
from free PCL and freshly prepared block copolymers by 
selective precipitation using ethanol. Therefore, we can 
assume that only PCL-linked hydrophilic blocks are present 
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in the precipitate. This assumption enables the MwNMR of 
the PCL/F127/PCL copolymers and the PEG/PCL block 
ratios calculation by comparing the PCL 4.06 ppm and 
the PEG or F127 3.64 ppm integrated peaks[29, 43].

From GPC traces (shown in Figure 5), shifts in profile 
and retention volumes are seen. The chromatogram of the 
physical mixture of PCL and F127 is shown in Figure 5a, and 
the peak at a retention volume of 25.19 mL was attributed 

to PCL, due to its higher molecular weight, while the higher 
retention volume signal, of 28.17 mL, was attributed to 
F127. The profile of this chromatogram can be compared 
to the ones on Figures 5c and d that shows the GPC curves 
of pentablock copolymers produced in reactions B and C, 
respectively. Although the product’s curve is not unimodal, 
a shift in profile and retention volumes is observed for both 
cases. Considering that most of the non-reacted hydrophilic 

Figure 4. BCP formula (a) and 1H-NMR spectrum of pentablock PCL/F127/PCL pentablock copolymer, reactions B (b) and C (c), 
respectively.
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blocks were removed from the copolymer sample by selective 
precipitation, it is presumable that only the ones linked to 
PCL are left. Moreover, the peak shift to the right of the 
chromatogram seen when comparing Figures 4a physical 
mixture and c) or d) pentablock copolymer samples can be 

explained by a decrease in the PCL molar masses, which 
leads to its linkage to hydrophilic blocks. The same can be 
extended to the triblock copolymer produced in reaction D, 
shown in Figure 5e, and using PEG instead of F127 (which 
chromatogram is shown in Figure 5b). Consistency in the 
data can be observed when compared to NMR and FTIR 
results shown in Table 3, in special for lower molar masses. 
(Chromatographic profiles of mixtures of different molecular 
weight polystyrene (PS) standards and MW curve are shown 
in Supplementary Material S5-S6).

The Figures 6a and b show FTIR spectra for reactions 
A and B, tri and pentablock copolymers. These results 
were interpreted considering the polyester and polyether 
characteristic signals, which are attributed to 1,724 cm-1 
and 1,108 cm-1, respectively. The absorption band at 
1,724 cm-1 is attributed to the characteristic polyester C=O 
stretching vibrations of the ester carbonyl group from PCL, 
while 1,108 cm-1 can be attributed to C−O−C stretching 
vibrations of the repeated −OCH2CH2 groups of PEG 
(or F127). Once the reaction products were purified by 
selective precipitation using ethanol, free PEG and F127 
were removed from the sample, and still, the presence 
of both groups in the sample was confirmed by FTIR, 
indicating block copolymer formation.

Curves that relate the peaks 1,108 cm-1 and 1,724 cm-1 
ratio value (I1108 / I1724 ratio) with its molecular weights were 
obtained using the specific molar mass values previously 
acquired from 1H-NMR spectra and GPC chromatograms. 
Different curves were prepared for samples using F127 and 
PEG as the hydrophilic block (pure PCL and F127 spectrum 
as well as curves for PCL/PEG/PCL and PCL/F127/PCL 
are shown in Supplementary Material S7-S9). This way, 
according to the obtained I1108 / I1724 ratio, we could presume 
the MFTIR for each sample, as shown in Table 3.

The results obtained by FTIR-ATR are consistent with 
those obtained by NMR and GPC, therefore, indicating the 
formation of the block copolymers products.

Thermal analyses were performed on the PCL and 
F127 reagents and compared to the results obtained for 
the sample from Reaction B (PCL/F127/PCL). Both the 
melting temperature and the crystallinity degree (analyzed 
by the enthalpy of fusion) of the polymer sample displayed 
a decrease when compared to individual components. 
This can be explained by the PCL´s molar mass reduction. 
The obtained melting point and enthalpy of fusion are 
presented in Table 4 (graphs are shown in Supplementary 
Information S11-S13).

Figure 5. GPC curves of (a) physical mixture of PCL and F127; 
(b) pure PEG; the block copolymer product after the trans 
esterification reactions (c) B; (d) C; and (e) D.

Table 3. Molecular weights (g mol-1) of the PCL/PEG/PCL triblock 
(reactions A and D) and PCL/F127/PCL (reactions C and D) 
pentablock copolymers.

Sample MFTIR
a MNMR

b MGPC
c

A 25.052 36.923 -
B 30.679 30.717 17.252
C 16.683 17.046 16.341
D 8.602 8.186 7.916

a Calculated according to the I1108 / I1724 ratio of the FTIR-ATR peaks. 
b Number-average molecular weight calculated from 1H NMR 
Spectrum. c Number-average molecular weight measured by GPC 
(calibrated with polystyrene standards).
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3.2 Influence of the hydrophilic block on copolymer 
formation

The influence of the hydrophilic block´s size on the 
copolymer formation was analyzed. As a matter of comparison, 
the same procedure used for producing a pentabock copolymer 
(Reaction C, containing F127) was used for producing a 
triblock copolymer (Reaction D), containing only PEG as a 
hydrophilic block, as shown in Table 3. The Pluronic F127 
is a poloxamer that has 2 polyethylene oxide, PEG, groups 
on the outside and polypropylene oxide, PPO, as the inner 
block. The same mass ratio F127/PCL and PEG/PCL was 
used, remembering that MwF127 is 12,600 g·mol-1 and MwPEG 

Figure 6. Sample FTIR spectrum of PCL/PEG/PCL triblock copolymer from reaction A and PCL/F127/PCL pentablock copolymer from 
reaction B. Marked peaks are attributed to polyester and polyether characteristic signals.

Table 4. Table of results from DSC curves of PCL, F127 and 
amphiphilic block copolymer product from Reaction B.

Material Melting Point (°C) Enthalpy of fusion (J·g-1)
PCL 59.05 -54.33
F127 58.06 -99.84
Reaction B 44.76 -8.54

53.64 -31.94

is 6,000 g·mol-1. 1H-NMR, GPC, and FTIR analysis were 
promoted (as shown in Figures 3-5 and Supplementary 
Material S14-S15), all the FTIR and 1H-NMR results 
indicated that the PCL-PEG-PCL copolymers were formed 
successfully, and the amount of PCL incorporated could 
be calculated, resulting 4,446 g·mol-1 e 2,166 g·mol-1 for 
reactions C and D, respectively. According to this result, 
there is a direct relationship between each hydrophilic block 
Mw and the amount of incorporated PCL, indicating similar 
reactivity among the terminal hydroxyl groups.

3.3 Synthesis of amphiphilic block copolymers particles 
using microfluidics

Triblock copolymer particles were successfully obtained 
using a microfluidic device as described before. A value of 
144.6 nm with a polydispersity index of 0.093 was obtained 
for block copolymer from Reaction A, indicating the 
formation of particles with nanometric dimensions and low 
polydispersity. The occurrence of nanoparticle corroborates 
with the PEG – PCL biding since the simple physical mixing 
of these materials would not permit the particle formation.
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The pentablock copolymer obtained by Reaction B 
was used as the polymeric carrier for a pharmaceutical 
compound. The experiment variables were the total flow 
rate (QT) defined as the sum of QDM and QAS, and the flow 
rate ratio (RQ) defined as the ratio between QAS and QDM. 
A factorial experiment planning approach was used to set 
the variables values. The experiment parameters and results 
are presented in Table 5. Results showed sub-micron and 
nanocapsules with sizes ranging from 459.1 nm to 188.9 nm. 
The polydispersity index remains lower than 0.235 which 
implies a narrow particle size distribution. A monodisperse 
particle size distribution profile (Size = 188.9 nm and 
PDI = 0.102) was observed for the sample obtained with 
experimental parameters RQ = 10 and QT = 7.5 mL·min-1, and 
the distribution performed with the previously mentioned 
sample is shown in Figure 7.

Therefore, the use of both triblock and pentablock 
copolymers produced by transesterification reactions 
enabled nanoparticle production by the use of a microfluidic 
preparation.

4. Conclusions

This study demonstrates the use of transesterification 
with polyester molecular weight reduction as a versatile and 
straightforward approach for obtaining amphiphilic block 
copolymers. Concerning the FTIR-ATR, 1H NMR, and GPC 
results and assuming that the majority of free hydrophilic 

groups were removed from the analyzed sample by selective 
precipitation with ethanol, it is clear that polyester and 
polyether groups are presented in the product indicating the 
formation of the amphiphilic block copolymers. The results 
obtained for the molecular weights are consistent among the 
different techniques and also close to the theoretical values. 
For the thermal analysis results, there was a decrease in both 
melting temperature and enthalpy of fusion. Since these 
parameters are related to the crystallinity and, consequently, 
the samples’ molecular weight, these decreases indicate the 
PCL molar mass reduction, an increase in biodegradability 
and proves the successful synthesis of amphiphilic block 
copolymers. Moreover, polymeric nanoparticles with sizes 
ranging from 459.1 nm down to 188.9 nm were successfully 
produced with a narrow polydispersity (0.235 down to 0.102) 
by nano-precipitation using a microfluidic device. The fact 
that particles have been produced with the product of the 
transesterification reactions already proves the synthesis 
of amphiphilic block copolymers since non-linked blocks 
would not enable particle production. We believe that this 
production technique is of extreme value for the reduction 
in the use of toxic reagents, and the simplification of block 
copolymers synthesis. Finally, the possibility of using 
a wide molecular weight range of polyesters, avoiding 
cyclization steps and molecular weight reduction, together 
with the advancing of nano theraphy will provide further 
knowledge and possible new carriers for disease treatment 
and diagnostic.

Table 5. Table of results from block copolymer capsules synthesis using the microfluidic device. Adapted from Cobas-Gomez et al.,[40] 
The total flow rate (QT) is defined as the sum of QDM and QAS, and the flow rate ratio (RQ) defined as the ratio between QAS and QDM.

RQ

QT (aqueous + organic flow 
rate; mL·min-1)

Particle size (nm) PDI

1.3 1 459.1 0.235
10 1 287.8 0.228
1.3 7.5 355.5 0.206
10 7.5 188.9 0.102
6.26 4.64 233.4 0.188

QT = QDM + QAS. RQ = QAS/QDM.

Figure 7. Particle size distribution of PCL/PEG/PCL nanoparticles produced with Sample A and microfluidic device, using Flow rate 
ratio, RQ = 10 and Total flow rate, QT = 7.5 mL·min-1.
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