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ARTICLE INFO ABSTRACT
Keywords: Nowadays, among 3rd generation drug delivery systems, biodegradable polymeric based long-
Continuous manufacturing acting injectable depot has achieved tremendous success in clinical application. So far, there

mPEG-PLGA/PLGA, process analytical
technology

In-process control

And real-time monitor

have been two dozen of commercial products of Poly (lactic-co-glycolic acid) microspheres
available in the market. Recently, continuous manufacturing concept has been successfully
applied on oral solid formulation from buzzword to reality. However, the polymeric injectable
microspheres are still stayed at batch manufacturing phase due to the lack of understanding of
knowledge matrix. In this study, micro-mixer as a plug-and-play emulsification modules, Raman
spectroscopy and focused beam reflectance measurement as real-time monitoring modules are
integrated into a novel semi-continuous manufacturing streamline to provides more efficient
upscaling flexibility in microspheres production. In this end to end semi-continuous
manufacturing process, amphiphilic block polymer monomethoxy-poly (ethylene glycol) modi-
fied PLGA (mPEG-PLGA) was used for encapsulating Gallic acid. Additionally, with guarantee of
good robustness, the correlation relationship between critical process parameters, critical mate-
rial attributes and critical quality attributes were investigated. The time-space evolution process
and mechanism for formation of PEG-PLGA microsphere with particular morphology were
elaborated. Altogether, this study firstly established semi-continuous manufacturing streamline
for PLGA/PEG-PLGA microspheres, which would not only lower the cost of production, narrow
process variability and smaller equipment/environmental footprint but also applied in-process
control (IPC) and QbD principle on complicated production process of microspheres. Therefore,
this study build confidence in the industrial development of PLGA/PEG-PLGA microspheres and
establish best practice standards, which might be a quantum leap for developing PLGA micro-
spheres in the future.

1. Introduction

Poly (lactic-co-glycolic acid, PLGA) microspheres as long-acting injectable have achieved tremendous success since 1986 when the
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first commercial PLGA microspheres product (Decapeptyl® 3.75 mg from Ferring pharmaceuticals) was approved by European
Medicines Agency [1,2]. Due to its tunable biodegradation duration and outstanding biocompatibility, the marketing performance of
PLGA based formulation exhibited strong potential prospects [3-5]. However, till date, the quality by design (QBD) principles has not
been applied on PLGA microspheres development yet [4]. More importantly, the correlation relationship between critical material
attributes, critical process parameters and critical quality attributes are ambiguous which severely hinders the development of PLGA
microspheres from bench to bedside. Meanwhile.

Recently, with the progressing of Industry 4.0 concept, continuous manufacturing process which defined as the integration of a
series of unit operations, processing materials continually to produce the final pharmaceutical product has been strongly prompted by
FDA [6-10]. Compared with traditional batch manufacturing process, continuous manufacturing eliminates the need for off-line
testing and storage, thereby reducing the number of manufacturing steps. Therefore, there are various benefits of continuous
manufacturing approach, included higher production efficiency, enable saving labor and warehouse space, reducing processing and
holding time and better robustness [11-14]. More importantly, with the introduction of process analytical technology (PAT) into
continuous manufacturing [15], highly automated processes could be facilitated, and better understanding of process could be gained
[2,8,9,16,17]. However, because of the relatively complicated preparation process, there is still lack of study focused on applying
continuous manufacturing on polymeric based microspheres [18-22].

In this study, mPEG-PLGA, an amphiphilic block copolymer was selected as polymer matrix [23-26], meanwhile, gallic acid, a
small molecule compound with potential for anticancer activity was used as model drug [27-29]. Micro-mixer with high production
efficiency based on the mechanism of flow chemical system was used for microspheres preparation. Meanwhile, a ‘plug-and-play’
emulsification operation unit of Raman spectroscopy [30,31] and focused beam reflectance measurement [32-34] as real-time
monitoring modules are integrated into this semi-continuous microspheres manufacturing streamline to monitor the dynamic trend
of solidification process. Moreover, full and systematically characterization include encapsulation efficiency, yield, in-vitro release,
particle size distribution, surface morphology, internal structure, porosity, thermo dynamic study were performed. Subsequently, the
emulsion-microspheres evolution mechanism was elaborated by investigating solidification dynamic. Altogether, building this
semi-continuous manufacturing streamline not only lower the cost of production, reduce process variability and smaller equi-
pment/environmental footprint but also applied in-process control and QbD principle on complicated production process of micro-
spheres [35,36]. Therefore, this study build confidence in the industrial development of PLGA/PEG-PLGA microspheres and establish
best practice standards, which might be a quantum leap for developing PLGA microspheres in the future.

2. Materials and methods
2.1. Materials

Gallic acid (LOT: C11987271) and gallic acid reference substance (LOT: C12211933) were purchased from Macklin, Shanghai,
China, mPEG(1K)-PLGA(19K, LA/GA = 50/50) copolymer was purchased from Jinan DaiGang Biotechnology Co., Ltd. (Stored at -20°C),
Jinan, Shandong, China, poly-vinyl alcohol (PVA)(LOT:2190203) was purchased from Jiangxi Alpha Hi-tech Pharmaceutical Co., Ltd.,
Jiangxi, China, sodium chloride (LOT: X22E048) was purchased from Alfa Aesar, Shanghai, China. 85% phosphoric acid (LOT:
A0400969) and acetonitrile (ACN, LOT: 213447) were purchase from Thermo-fisher, Shanghai, China, dichloromethane (DCM, LOT:
4503599052) was purchased from sigma-Aldrich, USA. 85% phosphoric acid, ACN, DCM were all analytical pure and used directly.

2.2. Experimental equipment

MS205DU precision electronic balance used for weighting, ParticleTrack™ G400 focused beam reflectance measurement (FBRM)
Particle size analyzer used for Monitoring the change of microsphere size during solidification (Mettler Toledo, America), KAISER
Raman Rxn 2 used for Raman spectrum (Analytic Jena, Germany), RCT B S025 magnetic stirrer used for solidification (IKA company of
Germany), VALVE MIXER 30 Micro-reactor system used for manufacturing microspheres (EHRFELD, Germany), free zone triad
lyophilizer used for dry-frozen microspheres (Labcono, USA), 97043-954 Ultrasonic cleaning machine (VWR, USA), 5430 high-speed
centrifuge (Eppendorf, Germany), sw23-40 water bath pot used for in-vitro release (Julabo, Germany), phenom pure scanning electron
microscope used for microspheres morphology test (SEM, Thermo Fisher, USA), Mastersizer 3000 laser granulometry used for mea-
surement of microspheres particle size (Malvern, UK) SP5 Laser scanning Confocal Microscopy used for microspheres morphology test
(Leica, Germany), Acquity ultra high performance liquid chromatograph (waters, America), Novagen® D-tube™ dialyzer maxi, MWCO
12-14 kDa (Merck, USA)RO 6131 reverse osmosis pure water machine (sartorius, Germany), TA-XT plus 100 Stable Micro System’s
Texture analyzer used for injectability test (Texture technologies Corporation, UK), Discovery25 Differential Scanning Calorimeters used
for DSC test (TA instrument, USA), 1 mL LS 25 GA 5/8 sterile syringe (BD, USA).

2.2.1. Preparation of mPEG-PLGA microsphere
Briefly, gallic acid was dissolved in distilled water with concentration of 5% (m/v) and heated at 70 °C in a water bath until
completely dissolved and then gallic solution was use as drug phase. mPEG-PLGA was dissolved in dichloride methane (DCM) with a
concentration of 15%, 25% and 35%(w/v) as polymer phase. At the same time, poly(vinyl-alcohol) (PVA) was dissolving in distilled
water with a concentration of 0.5%, 1% and 2% (w/v) for 3 h at 50 °C and saturated with 1.15% (w/v) gallic acid as surfactant phase.
The semi-continuous manufacturing streamline for PLGA/mPEG-PLGA microspheres was shown in Fig. 1. Two mixers included LH
mixer and valve assisted mixer are used for emulsification in this system. Thereinto, micro-mixer system with two-step emulsification
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process was firstly used for the preparation of PLGA microspheres. In this study, LH mixer was used for the formation of primary
emulsion, while valve-assisted mixer was used for the formation of secondary emulsion. This is because the stability of primary
emulsion could be improved by decreasing the droplet particle size. Compare with valve assisted mixer, LH mixer with higher shear
force is suitable for producing emulsion droplets with smaller particle size. Polymer phase and drug phase were fed by HPLC pumps
with flow rate of 20 mL/min and 5 mL/min, respectively. After feeding into LH2 mixer equipped with 150/50 pm mixing plate and 50
pm aperture plate, the W/O primary emulsion with smaller particle size were formed. Then the surfactant phase fed by mechanic pump
with 200 mL/min was mixed with primary emulsion in valve-assisted mixer to form W/O/W secondary emulsion. Subsequently,
solidification process was performed under room temperature and ambient condition. During the solidification process, the process
analytical technology (PAT), including Raman spectroscopy and particle size analyzer were used for the monitoring the real-time trend
of PLGA conc, residual solvent conc and particle size and identifying endpoint of solidification process.

Then regular washing procedure was performed by centrifuge under 5000 g of centrifugal force. After 5 times of washing by pure
water, the samples were collected into 1 tube for freeze-drying.

2.3. Surface morphology observation

The microsphere powder was evenly adhered to the conductive adhesive, and the conductive adhesive was adhered to the sample
table. The gold was sprayed twice at 150 mA current for 5s under vacuum and observed by SEM by 20 kV accelerating voltage.

2.4. Encapsulation efficiency% measurement

GA loaded microspheres (25 mg) were added with 2 mL acetone, add appropriate amount of methanol, sonicated for 30 min, add
methanol to 50 mL, sonicate for 15 min, centrifuged at 7800 rpm for Smin, and the supernatant was taken for UPLC test and calculated
GA concentration by calibration curve of y = 47597x — 58840 (R? = 0.9991).

The concentration of gallic acid was determined by ultra-performance liquid chromatography (UPLC) using a waters C18 (100 mm
x 2.1 mm x 1.7 pm) column assay. Elution was performed at 0.2% aqueous phosphoric acid/methanol = 83/17 with a flow rate of
0.12 mL/min and UV absorbance at 273 nm. The drug loading efficiency (LE%) and encapsulation efficiency (EE%) of microspheres
are calculated by the following equation:

LH mixer valve-assisted mixer

Schematic diagram of mixing process of
polymer phase (yellow) and drug phase (red)
in LH mixer
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Fig. 1. Schematic illustration of mPEG-PLGA microspheres using microfluidics process.
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a
LE% =5 100% (€}

where, b is the total weight mass of the microspheres (including the loading mass of polymer and GA), and a is the loading mass of GA
in the microspheres which measured by UPLC method. LE% indicated the actual drug loading after microspheres preparation method.

EE% =2 x 100% @)
my
Encapsulation efficiency refers to the amount of drug loaded by a unit weight or a unit volume of microspheres. Where my is the
total mass of GA added and m is the mass of GA loaded in the microspheres which measured by UPLC method.
All data are processed with Origin.

2.5. In-vitro cumulative release behavior

Accurately weight 20 mg of GA loaded mPEG-PLGA microspheres into D-tube™ membrane, add 1 mL of phosphate buffer saline
(PBS) containing 0.04% benzalkonium, 0.1% tween 20 and 0.5% 1-Cysteine hydrochloride, put the D-tube™ into a 50 mL centrifuge
tube and add 25 mL PBS media under agitation at 37 °C. Supernatants were collected at predetermined intervals and replaced with
fresh PBS media of equal volume. The concentration of gallic acid was determined by ultra-performance liquid chromatography
(UPLC) using a waters C18 (100 mm x 2.1 mm x 1.7 pm) column assay. Elution was performed at 0.2% aqueous phosphoric acid/
methanol = 83/17 with a flow rate of 0.12 mL/min and UV absorbance at 273 nm. All the release experiments were executed in
triplicate. All data are processed with Prisim.

2.6. Determination of specific surface area and particle size

Sufficient weight of lyophilized microspheres was loaded into the sample tube, add an appropriate volume of distilled water to
resuspend it. Drop the microsphere suspension into the sample pool of the particle size analyzer, disperse the suspension evenly in the
sample pool at 1500 rpm, and measure the particle size, specific surface area. All data are processed with Prisim.

2.7. Particle size distribution change trend monitored by FBRM

Particletrack™ with Focused Beam Reflectance Measurement (FBRM) Technology was used for monitoring particle size change
trend during the solidification process. The FBRM 19 mm probe was inserted under emulsion surface approximately 3 cm below. The
frequency of detection timepoint was set as 5 min. All data are processed with Origin.

2.8. Organic solvent content, PVA concentration and polymer concentration trend monitored by Raman spectroscopy

With the organic solvent, in this case, DCM evaporation, polymer start to precipitate and encapsulate API during the solidification
process. Therefore, the dynamic change of solidification process is super critical [37,38]. In this part, Raman spectrum process
analytical technology (PAT) was used for monitoring DCM content, mPEG-PLGA concentration and PVA concentration during the
whole solidification process. Firstly, Sliver paper was used for covering solidification container for avoid the interference of envi-
ronmental illumination. A series concentrations of DCM were 0.15, 0.1, 0.05, 0.03 and 0.02 mg/mL, PVA solution were set as 1.997,
1.49775, 0.9985, 0.49925 and 0.249625 mg/mL and mPEG-PLGA were set as 250.683, 200.5464, 100.2732, 50.1366 and 25.0683
mg/mL. All these substances were prepared for establishing Raman spectra multivariate linearity models.

250 cm ™~ 1-3500 cm ! wavelength scan was performed for each substance. After achieving full wavelength by GRAMS suite spectral
processing software, specific shift and region for each substance was identified and recorded in the software. Then after simulation and
calculation, linearity models for each substance were achieved. During the solidification process, the Raman spectrum probe was
inserted approximately 3 cm below the liquid surface of the emulsion, data were collected and recorded every 5 min.

2.9. Injectability test of microspheres

The injectability of microspheres was tested with Texture analyzer. Take approximately 10 mg mPEG-PLGA-MS into a 2 mL
centrifuge tube. Use a 1 mL syringe to add 1 mL saline. After suspension, use a 1 mL syringe to take out 0.35 mL of microsphere
suspension. Place the syringe in Texture analyzer. Beat out the suspension at a speed of 2.00 mm/s and a pressure of 49 N. All data are
processed with Origin.

2.10. Differential scanning calorimetry (DSC) test

5 mg Weigh and take about 5 mg of samples into Tzero aluminum pan, including reference, mPEG-PLGA blank microspheres,
mPEG-PLGA microspheres loaded with GA, gallic acid monomer, mPEG-PLGA, GA and mPEG-PLGA physically mixed. The test
temperature is 10 °C-350 °C, and the heating rate is 10 °C/min. All data are processed with Origin.
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3. Result and discussion
3.1. Identification of critical material attributes and critical process parameters

In this study, since this is the first time using micro-mixer as semi-continuous manufacturing tool for polymeric based microspheres
development, the optimization process, especially critical material attributes and critical process parameters have been never iden-
tified before. Therefore, di-block copolymer PEG-PLGA was used as microspheres matrix instead of PLGA [39]. Because of its
amphiphilic property, using PEG-PLGA is less easily to induce blockage of aperture/mixing plate of micro-mixer during the polymer
precipitation process, even at a high concentration of polymer phase. The optimization process could be found in Tables 1 and 2.

It could be easily found that the critical factor in micro-mixer preparation approach is input energy which determined by feed rates
of drug phase, polymer phase and surfactant phase. In the meantime, all groups (F1-F6) exhibited narrow particle size distribution
which is an additional benefit of micro-mixer. Moreover, with the feed rate increased, the particle size became smaller. Considering the
encapsulation efficiency, the best ratio of drug phase, polymer phase and surfactant phase is 5:20:200 (mL/min). Obviously, the
emulsification mechanism for micro-mixer is quite different from that of (W;/0/W5) double emulsion method [40-42]. Compared
with traditional preparation method of (W;/0/W2) double emulsion method, the micro-mixer approach required less volume of
polymer phase and surfactant phase, which would reduce cost significantly. From F1-F6, we can fount that, the encapsulation effi-
ciency determined by the ratio of drug phase to polymer phase. Increase the feed rate of polymer phase could increase the encap-
sulation efficiency. This is because the stability of primary emulsion droplet is important for the encapsulation process. Therefore,
increasing the feed rate of polymer phase could decrease the particle size of primary emulsion droplet which result in improving the
stability of the primary emulsion droplet. However, when the feed rate of polymer phase comes to 30 mL/min, the encapsulation
decreased due to the leakage of drug caused by the intense mixing condition. In terms of the feed rate of surfactant phase, the higher
rate led to a higher encapsulation efficiency. Because the higher feed rate of surfactant phase decreases the oil/aqueous interfacial
tension that prevent the drug escape phenomenon. After primary optimization process, the optimal parameters were exhibited in Batch
No. F4. Therefore, subsequent formula optimization process were conducted based on F4’s process parameters.

Polymer phase concentration and surfactant phase concentration have been optimized as Table 2 shown. From F4, F7 and F8, it
could be found that with the increase of polymer phase concentration, the encapsulation efficiency increased. This is because the
higher concentration in polymer phase led to a higher viscosity which would prevent the drug to escape out during the emulsification
process. Additionally, trend could be found from F7, F9 and F10, with the surfactant phase concentration increased from 0.5% to 2%,
the encapsulation efficiency decreased. Interestingly, it is an opposite trend with that in (W1/0/W>) double emulsion method. This is
because the emulsification mechanism is different. In traditional double emulsion method, the input energy is relatively low.
Therefore, surfactant such as PVA, poloxamer was mainly used as emulsifier for decreasing interfacial tension and stabilizing emulsion.
However, in micro-mixing approach, the input energy is higher. Therefore, excess surfactant would generate air bubble which reduce
emulsification effect. Altogether, F7 was chosen as the optimal formulation for the systematic characterization.

3.2. Surface morphology and internal structure

The surface morphology was observed by scan electron microscope and meanwhile, laser scanning confocal microscope was used
for observing internal structure of GA loaded PEG-PLGA microsphere (F7). As Fig. 2A and B shows, irregular winkle-like of surface
morphology was found. Additionally, the internal structure of GA loaded PEG-PLGA were shown as Fig. 2C. Obviously, the porous
internal structure was exhibited. As Fig. 2D-F shows, compared with the smooth surface and solid internal structure normally observed
in PLGA microspheres, the surface morphology and internal structure are quite different. This distinction is mainly caused by the
inherent properties of polymer. Because the PEG-PLGA is amphiphilic, it would lead to a different solidification process which result in
the particular surface morphology and internal structure.

Table 1
Process parameters of GA loaded PEG-PLGA microspheres.
Batch Feed rate of Feed rate of Feed rate of Actual Drug Encapsulation Particle Span Initial burst
No. drug phase polymer phase surfactant phase loading % efficiency % size (um) (PSD) release (0-4 h)
(mL/min) (mL/min) (mL/min)
F1 5 10 100 1.72 £ 0.23 44.67 £+ 0.55 23.62 + 0.826 + 6.83% + 1.98
0.48 0.56
F2 5 10 200 2.7 £0.51 70.13 + 0.67 19.38 & 0.738 + 8.26% + 2.06
0.51 0.53
F3 5 20 100 1.93 + 0.37 50.13 + 0.28 20.81 + 0.711 + 12.94% +
0.69 0.34 2.58
F4 5 20 200 3.36 £ 0.22 87.27 £0.34 16.37 &+ 0.737 + 15.27% +
0.45 0.29 1.72
F5 5 30 100 2.09 +1.03 54.28 + 2.55 17.31 + 0.839 + 14.13% +
0.73 0.78 2.97
F6 5 30 200 2.96 + 0.94 76.82 + 2.39 12.38 + 0.836 + 32.16% +
0.64 0.64 1.45

*Each sample was manufactured in triplicated; Each sample was tested in triplicated.
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Table 2
Formulation parameters of GA loaded PEG-PLGA microspheres.
Batch Polymer phase Surfactant phase Actual Drug Encapsulation Particle size Span Initial burst
No. concentration (mg/mL) concentration (w/v%) loading % efficiency % (um) (PSD) release (0-4 h) %
F4 150 0.5 3.36 £ 0.22 87.27 + 0.34 16.37 + 0.737 + 15.27% + 1.72
0.45 0.29
F7 250 0.5 3.52 £ 0.33 91.42 + 0.47 18.51 + 0.781 + 10.04 + 1.58
0.63 0.66
F8 350 0.5 3.57 £0.37 92.72 + 0.53 19.38 + 0.883 + 3.12 £ 2.33
0.51 0.43
F9 250 1 3.12 £ 0.29 81.03 + 0.39 17.54 + 0.744 + 11.23 +1.98
0.37 0.91
F10 250 2 2.99 £0.21 77.66 + 0.22 15.27 + 0.724 + 32.16 £ 1.74
0.49 0.52

*Each sample was manufactured in triplicated; Each sample was tested in triplicated.

10 um

Fig. 2. (A) Surface morphology of F7 by SEM under 1000X, (B) Surface of morphology of F7 by SEM under 5000X, (C) Internal structure of F7 by
LSCM under 2500X, (D) Surface morphology of PLGA microspheres by SEM under 1000X, (E) Surface of morphology of PLGA microspheres by SEM
under 5000X, (F) Internal structure of PLGA microspheres by LSCM under 2500X

Moreover, the specific surface area and pore size distribution of F7 was measured by laser granulometry method. In this study, the
PLGA blank microspheres was set as control group. The results were shown in Fig. 3. It can be seen that the porosity of the mPEG-PLGA
microspheres is significantly larger than that of PLGA microspheres. The pore volume of PLGA microspheres is close to 0, indicating
that the surface is smooth and there is no pore internal structure. Meanwhile, the porosity of mPEG-PLGA microspheres is relatively
high which confirm the SEM results.
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Fig. 3. (A) Pore diameter distribution of mPEG-PLGA microsphere and blank PLGA microsphere, (B) Particle size distribution of mPEG-PLGA

microspheres.



A. Anwar et al. Heliyon 9 (2023) e15753
3.3. In-vitro release profile

The in-vitro release profile of F7 was shown in Fig. 4. It could be found that, the initial burst release of F7 is relatively low, compared
with microspheres prepared by mPEG-PLGA. The GA released at a constant rate from 0 h to 12 h, which indicate the dissolution of GA
located and distributed in the close surface of microspheres. And from 12 h to 312 h, the release rate was speed up, which reflect the
degradation of polymer matrix start. Moreover, from 312 h to 600 h, a plateau was appeared, which represent the diffusion of GA
inside of matrix dominated the release behavior. The whole release behavior looks like 0-zero release pattern. However, after 600 h,
the total release amount of GA did not reach 100%. Mass balance was conducted to verify the drug lost during the dissolution process.
The results showed that there was no existed drug after 600 h. Therefore, the drug degradation might be the main reason.

3.4. Establish of Raman spectrum linearity model of DCM, PVA and mPEG-PLGA with different concentration

As shown in Fig. 5A-C, each individual line indicates one concentration of corresponding substance. Meanwhile, the RAMAN
characteristic peaks for DCM, mPEG-PLGA and PVA were identified. In the meanwhile, the linearity regression was established using
different concentration for each substance.

The linearity regression parameters of DCM, mPEG-PLGA, and PVA concentrations could be found in Table 3. The R? for each
substance is >0.999 which indicated good linearity correlation. Hence, the concentration linearity model could be used for concen-
tration monitor and calculation in the solidification process.

3.5. Monitoring of DCM, PVA and mPEG-PLGA concentration with Raman spectrum

The content of organic solvent, surfactant and polymer were monitored during the whole solidification process. The results were
shown in Fig. 6A and B. Fig. 5A represented the overall trend of concentration of DCM, PVA and MPEG-PLGA versus time. Fig. 5B
summarized the concentration of each substance. With the organic solvent evaporation in solidification process, the DCM concen-
tration decreased, and polymer concentration increased. Moreover, it could be found that, after 90 min, the concentration of DCM and
peg-polymer concentration would not change anymore, which indicate that the endpoint of solidification was 90 min. Therefore, with
the utilize of Raman spectroscopy, not only the trend of organic solvent, polymer concentration and surfactant content could be
monitored, but also the endpoint of solidification process could be determined.

3.6. Monitoring of particle size trend

The particle size change trend during the whole solidification process was monitored by FBRM G400 Particle size analyzer and
shown in Fig. 7A. Interestingly, there are three phases of particle size change in the solidification process which are quite different from
that of PLGA solidification process Firstly, from 0 min to 120 min, the particle size gradually increased from 25 pm to 28 pm. This is
because the hydrophilic chain of PEG stretched to water phase and absorbed water, which led to a larger hydrate particle size Sub-
sequently, from 120 min to 130 min, the particle size significantly dropped, which indicate emulsion droplet turn into microspheres
with the evaporation of organic solvent. This is because the amphiphilic property of mPEG-PLGA plays a role as emulsifier which is
able to decrease interfacial tension. Because the water molecule combines with peg chain, therefore, the PLGA chain direct to core of
emulsion droplet harden faster, after precipitation of PLGA chain, the copolymer lost its amphiphilic property. Moreover, from 130
min to 300 min, the particle size did not change any more which reflects that the solidification process was completed. Therefore, the
solidification mechanism was proposed as Fig. 7B. More important, the end point of solidification was determined by monitoring the
trend change of particle size.

3.7. Injectability measurement

The injectability of F7 was tested. As Fig. 8 shows, the force range for injecting is between 187.6 and 90.53 g, which indicated a
good injectability. In the meanwhile, the relatively higher drug loading would decrease the inject volume which further reduce the
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Fig. 8. The injectability of mPEG-PLGA GA loaded microsphere.

pain caused by administration in clinical.

3.8. Differential Scanning Calorimeters (DSC) test

DSC test was performed for investigating the GA and polymer chemical-physical state after encapsulation process. As Fig. 9 shows,
there are four groups shown in this study. Gallic acid and mPEG-PLGA as raw material groups, Gallic acid physically mixed with mPEG-
PLGA as control groups. And GA loaded mPEG-PLGA microsphere as research group. It could be found that, the encapsulated GA
exhibited the same crystal peak with GA raw material group, which reflected the encapsulated GA in microspheres was stayed
crystalline state. In the meanwhile, the mPEG-PLGA kept amorphous state consistently after encapsulation process. In short, the GA
and polymer did not changed physical state during the encapsulation process, even though undergo a relatively high energy input.

4. Conclusion

In this study, micro-mixing tool combined with process analytical technology were used for manufacturing GA loaded mPEG-PLGA
microspheres in continuous manner. Additionally, critical process parameters included phase feed rate, critical material attributes
included polymer phase concentration, surfactant phase concentration in micro-mixing technology were investigated. After optimi-
zation, mPEG-PLGA microspheres with high encapsulation efficiency (91.42%), narrow particle size distribution (0.781) and low
initial burst release (10.04%) was achieved.

In the meantime, process analytical technology was firstly used as real-time in process control tool in microspheres development.
RAMAN characterize peak for DCM, polymer and surfactant was identified. Subsequently, linearity regressions with 0.99 of R? for
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Fig. 9. DSC test of gallic acid, mPEG-PLGA, gallic acid physically mixed with mPEG-PLGA and gallic acid loaded mPEG-PLGA microspheres.
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detecting concentrations of organic solvent, polymer and surfactant were established. Then, Raman spectroscopy and FBRM G400
were used for analyzing dynamic parameters and identifying endpoint of solidification process. Therefore, the application of PAT in
this study is helpful for understanding the capability of process and manage the risks caused by sources of variability.

Overall, this study provides novel insights on PLGA development from industrial perspective, which improve robustness, reli-
ability, traceability, batch flexibility and scalability. It can be expected that the application of semi-continuous manufacturing and the
establishment of real-time process control loop would significantly accelerate QbD thinking into PLGA microspheres development.
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