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Investigating How All-Trans Retinoic Acid Polycaprolactone
(atRA-PCL) Microparticles Alter the Material Properties of
3D Printed Fibrin Constructs

Maria V. Hangad, Alejandro Forigua, Kali Scheck, Stephanie M. Willerth,*
and Katherine S. Elvira*

The 3D printing of human tissue constructs requires carefully designed
bioinks to support the growth and function of cells. Here it is shown that an
additional parameter is how drug-releasing microparticles affect the material
properties of the scaffold. A microfluidic platform is used to create all-trans
retinoic acid (atRA) polycaprolactone (PCL) microparticles with a high
encapsulation efficiency (85.9 ± 5.0%), and incorporate them into fibrin
constructs to investigate their effect on the material properties. An
encapsulation that is around 25–35% higher than the current state of the art
batch methods is achieved. It is also found that the drug loading
concentration affects the microparticle size, which can be controlled using the
microfluidic platform. It is shown that the release of atRA is slower in fibrin
constructs than in buffer, and that the presence of atRA in the microparticles
modulates both the degradation and the rheological properties of the
constructs. Finally, it is shown that the fibrin material exhibits a stronger
solid-like state in the presence of atRA-PCL microparticles. These findings
establish a basis for understanding the interplay between drug-releasing
microparticles and scaffold materials, paving the way for bioinks that achieve
tailored degradation and mechanical properties, together with sustained drug
delivery for tissue engineering applications.
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1. Introduction

3D bioprinting is a manufacturing tech-
nique that uses digital designs to create 3D
structures by depositing successive layers
of biomaterials, cells and growth factors.
The aim is to fabricate functional tissues
for use in regenerative medicine and tis-
sue engineering.[1,2] The use of 3D print-
ing provides more control over the shape
of the construct. Achieving optimal struc-
tures with 3D bioprinting involves the use
of smart bioinks, which are specially formu-
lated to recreate the native cellular environ-
ment. These bioinks incorporate bioactive
molecules, cells, and responsive elements
such as drug delivery systems to enhance
cell viability, proliferation, and differentia-
tion, thereby improving the functionality of
the 3D printed constructs.[2,3]

A variety of biomaterials—natural, syn-
thetic,metallic, and ceramic—have been ex-
plored for the formulation of 3D printed
constructs.[4] In the field of neural tissue en-
gineering, natural materials such as fibrin,
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alginate, and chitosan have gathered particular interest due to
their unique properties and compatibility with neural cells. Fib-
rin, known for its biocompatibility and biodegradability, supports
stem cell culture and differentiation.[5–7] This protein-based ma-
terial serves as an excellent foundation for neural tissue scaffolds.
Building upon this foundation, alginate, an anionic polysaccha-
ride, can be incorporated to enhance the structural integrity of 3D
printed constructs. Alginate is ionically cross-linked in bioinks
through divalent ions such as calcium (Ca2 +), resulting in stable
viscoelasticity, stiffness, and rapid gelation time.[8–11] Like fibrin,
alginate has also been shown to promote the growth of neural
stem cells in vitro.[12]

To further improve the mechanical properties of these scaf-
folds, chitosan, a cationic polysaccharide, can be added to the
bioink formulation. The interaction of chitosan with alginate in
the presence of calcium ions (Ca2 +) leads to increased storage
and loss moduli, as well as improved tensile strength. This
enhancement is attributed to the ionic interactions with alginate
and the covalent bonding facilitated by genipin, which together
improve the structural integrity of the scaffold and its suitability
for biological applications.[13–15] Components such as fibrin, al-
ginate, and chitosan, when integrated into fibrin-based scaffolds,
offer a compatible 3D architecture that mimics the extracellular
matrix, promoting cell differentiation and proliferation while
closely resembling in vivo tissue environments.[16] To further en-
hance the functionality of these scaffolds, drug delivery systems
can also be incorporated into the bioink formulation.
Drug delivery systems such as microparticles offer precise

and targeted administration of active agents to achieve spe-
cific therapeutic outcomes, and can also be used for cell
differentiation.[17,18] Microparticles range in size between 1 and
1,000 μm, and can encapsulate drugs, proteins, or other bioactive
agents.[19] In the field of 3D printing, microparticles serve multi-
ple functions such as providing controlled release of therapeutic
agents, enhancing cell adhesion and proliferation, and modulat-
ing the mechanical properties of the 3D printed constructs.[20]

Recent studies highlight the potential of 3D printing to create
multi-functional scaffolds with integrated drug delivery systems
and tailoredmechanical properties.[21–23] However, many of these
approaches rely heavily on post-printingmodifications or are lim-
ited by a lack of control over drug release profiles and scaffold
degradation dynamics during fabrication, with only a few stud-
ies exploring the integration of microparticles within the bioink
during the printing process to achieve simultaneous control over
mechanical properties and drug release.[24,25]

One such application of drug-releasing microparticles is their
incorporation into fibrin-based bioinks for cell culture scaffold-
ing. By incorporating microparticles within fibrin-based bioinks,
researchers can better mimic in vivo conditions while also
tailoring the release kinetics of bioactive agents.[26,27] How-
ever, the material properties of printed fibrin scaffolds con-
taining drug-releasing microparticles have not been thoroughly
characterized.[28] This characterization is important, as the intrin-
sic and extrinsic material properties within the scaffold can sig-
nificantly change cell–cell interactions, along with their ability to
build their own extracellular matrix and sustain their function as
living tissues while the biomaterial-based scaffold degrades.
Understanding the interactions between drugs, drug-releasing

microparticles, and the scaffolding materials used in bioinks is

crucial when designing smart bioinks that enable the creation
of biomimetic or humanized artificial tissues. These interactions
can significantly affect the mechanical properties of the scaf-
fold and the behavior of the therapeutics within the 3D printed
construct.[29] Therefore, a study that considers both the structural
and pharmacological aspects of smart bioinks is essential for ad-
vancing the field of tissue engineering and developing more ef-
fective 3D printed tissues.
Polycaprolactone (PCL) is commonly used as a polymeric ma-

terial for the design of smart bioinks that include drug delivery
particles due to its biocompatibility, biodegradability under bio-
logical conditions, and slow release profile.[30,31] Previous stud-
ies have demonstrated the effectiveness of PCL as a carrier and
delivery vehicle for various molecules for stem cell differentia-
tion into neurons, including all-trans retinoic acid (atRA),[32,33]

guggulsterone,[34] and purmorphamine.[35] In addition to deliv-
ering cargo and aiding in cell differentiation, thereby reducing
the need for frequentmedia changes, PCL has been shown to im-
prove the mechanical properties (elastic modulus) of 3D printed
constructs by approximately 30%.[36] While their size, dispersity,
and drug loading are determined solely during the microparticle
fabrication process, the effects that the bioink has on the drug re-
lease profile of PCLmicroparticles, as well as the effect of the mi-
croparticles on the degradation of the 3D scaffold itself, remain
unexplored. Understanding these effects is crucial for optimiz-
ing the design and functionality of bioinks, thereby avoiding cell
death or unwanted phenotype expression during cell culture in a
3D printed scaffold.
Various methods are used for the fabrication of PCLmicropar-

ticles, including batch and semi-batch methods,[19,37] as well as
microfluidic methods.[38] Notable benefits of using microfluidic
platforms for microparticle fabrication, compared to traditional
batch and semibatch methods, include cost-effectiveness and the
control they provide over droplet size and distribution, leading to
enhanced manufacturing processes.[39,40] Traditional batch pro-
duction of PCL microparticles, typically involving the creation of
oil-in-water emulsions followed by precipitation of the micropar-
ticles and solvent evaporation, lacks the precision offered by mi-
crofluidic technologies, particularly regarding control over the
particle size. Microfluidicmethods also provide increased control
over the encapsulation of water-insoluble drugs within a polymer
matrix.[41,42] By using the enhanced control provided bymicroflu-
idic platforms to createmicroparticles of precise size and loading,
the properties of smart bioinks used for tissue engineering can
be further optimized.
Here we investigate the impact that atRA-PCL microparticles

have on the material properties of 3D printed fibrin constructs.
We use a microfluidic platform to create a range of microparti-
cles with bespoke characteristics to study the effect of micropar-
ticle formulation parameters on their size, encapsulation effi-
ciency, and drug loading capacity. We find that use of our mi-
crofluidic platform allows us to achieve an around 25–35%higher
encapsulation of atRA in PCL microparticles when compared to
non-microfluidic methods. We then show that atRA release is
modulated by the fibrin scaffold environment, with slower re-
lease observed in constructs compared to buffer. We also quan-
tify the effect of the microparticles on the mechanical proper-
ties of fibrin constructs, showing that they cause a faster degra-
dation of the constructs, while increasing their solid-like state.
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Figure 1. Overview of the experimental workflow for the creation and characterisation of atRA-PCL microparticles in 3D printed fibrin constructs. Mi-
croparticle fabrication from oil-in-water droplets on a microfluidic device was followed by microparticle characterization using SEM and UV−Vis spec-
trophotometry. Microparticles with the highest encapsulation efficiency were then seeded into fibrin constructs to investigate their release kinetics.
Figures without scale bars were created in BioRender.

This work establishes proof-of-concept principles for integrating
drug-releasing microparticles into fibrin-based bioinks, focusing
on material compatibility, controlled release profiles, mechanical
properties and degradation dynamics, with the broader aim of ad-
vancing localized drug delivery systems for sustained therapeutic
release in tissue engineering applications.

2. Experimental Section

2.1. Materials

Polydimethylsiloxane (PDMS, Dow Sylgard 184) was purchased
from Ellsworth Adhesives. Polyvinyl alcohol (PVA, MW 13 000–
23 000, 87–89%hydrolyzed), polycaprolactone (PCL,MW70 000–
90 000), all-trans retinoic acid (atRA, >98%), chlorotrimethylsi-
lane (>98%), dimethyl sulfoxide (DMSO, >99%), glacial acetic
acid (>99%), tris buffered saline (TBS, pH 7.6), phosphate
buffered saline (PBS, pH 7.4), calcium chloride, thrombin,
chitosan, genipin and 𝛽-glycerolphosphate (𝛽-GP) were pur-
chased from Sigma–Aldrich. Dichoromethane (DCM, >99.8%)
was purchased from VWR International. Ethanol (>95%) and
isopropanol (>95%) were purchased from Commercial Alco-
hols. Polytetrafluoroethylene tubing (PTFE, 1/16 inch outer di-
ameter, 750 μm inner diameter) was purchased from Chro-
matographic Specialities. Fibrinogen was purchased from EMD
Milipore. A 5% (w/v) high-viscosity alginate solution was pur-
chased prepackaged from Cellink, containing sodium alginate
(MW 120 000–190 000), D-mannitol and HEPES buffer. Agarose
(Froggarose-LE) was purchased fromFroggaBio. 3mL pneumatic
cartridges (SKU: CSC010311101) and 22-gauge needles (SKU:
NZ6220505001) for the BIO X 3D-bioprinter (Gen. 3) were pur-
chased from Cellink.

2.2. Overview of the Experimental Workflow

As shown in Figure 1, a PDMSmicrofluidic device was designed
to enable the formation of microparticles with a range of sizes
and drug loading concentrations. Oil-in-water droplets were cre-
ated at a flow-focusing junction on the microfluidic device and
collected off-chip in a glass vial to allow microparticle precipita-
tion. Then, both the droplets and the microparticles were char-
acterised. The droplet volume was calculated from images taken
on-chip and the microparticles were characterised off-chip using
scanning electronmicroscopy (SEM) to assess their size andmor-
phology, and ultraviolet−visible (UV−Vis) spectrophotometry to
quantify encapsulation efficiency. The microparticles were then
incorporated into fibrin-based bioinks that were used for the 3D
printing of fibrin constructs. The release kinetics of themicropar-
ticles within the fibrin constructs were measured, and compared
to the release kinetics of the microparticles in buffer. Finally, rhe-
ological measurements of the fibrin constructs were performed
to quantify differences in material properties based on the pres-
ence of microparticles in the bioink.

2.3. Preparation of Solutions for Microparticle Formation

The aqueous phase (2% w/v PVA) was prepared by dissolving
4 g of PVA in 200 mL of deionized water and mixing at 85 °C
and 850 rpm until a clear solution was formed. The oil phase
was prepared by dissolving 800 mg of PCL into 15 mL of DCM
and mixing at 900 rpm until a clear solution was formed. To
form drug-loaded microparticles, the oil phase was dosed with
increasing amounts of atRA stock (0.04 M in DMSO) to form
6 μg RA/mg PCL, 10 μg RA/mg PCL and 25 μg RA/mg PCL
solutions.
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2.4. Fabrication of the Microfluidic Devices

The microfluidic devices were fabricated as described
previously.[38] In brief, the PDMS microfluidic devices were
fabricated by soft lithography. For this, the master mould (silicon
wafer) was placed in a desiccator with 50 μL of chlorotrimethyl-
silane for 45 min. The wafer was then clamped in a 3D printed
holder, followed by pouring a PDMS mix (10:1 w/w, base to
curing agent) on top of the mould. After degassing the PDMS for
60 min, it was left to cure overnight at 65 °C. The cured PDMS
was peeled from the mould, cut into individual devices, and
inlet and outlet holes were punched with a 1 mm biopsy punch.
Glass microscope slides were used as the device substrates. The
devices andmicroscope slides were thoroughly cleaned with a se-
quential cycle of soapy Milli-Q water, Milli-Q water, isopropanol
and ethanol. They were dried by blowing with filtered air, and
baking at 90 °C for 30 min. The clean devices and microscope
slides were treated with air plasma (Diener Electronic, Zepto
ONE, 60 s, 100 W, 0.60 mbar). Activated surfaces were brought
into contact following the plasma treatment, bonding the PDMS
device to the glass microscope slide.
The microfluidic channel surfaces were immediately treated

after bonding. For this, 2% w/v PVA (same as above) was loaded
into a 1 mL Hamilton glass gas-tight syringe. The syringe was
attached to a piece of PTFE tubing and connected to one inlet of
the device, with a second piece of tubing connected to the outlet.
All other inlets or outlets in the device were plugged using small
pieces of sealed tubing. The PVA solution was manually pushed
through the device for 10 min, filling the device channels. This
was followed by blowing filtered air through the device to remove
excess PVA. The devices were baked at 100 °C for 15min and kept
at 65 °C for at least 72 h before use.

2.5. Microparticle Production on the Microfluidic Device

Themethods for particle production have been adapted from our
previous work.[38] In brief, droplet formation was performed on
amicrofluidic device mounted on a Nikon Eclipse Ti2-U inverted
microscope, paired with a Phantom VEO 710L high-speed cam-
era for imaging. The oil and aqueous phases were flowed through
the device using neMESYS syringe pumps (Cetoni, Germany)
with 1 and 25 mL Hamilton syringes attached to the device via
PTFE tubing. For stable droplet formation, flow rates were grad-
ually increased until a 300 to 1 μL min−1 ratio of aqueous to oil
flow rates was reached. The flow rate ratio was then adjusted to
a final flow rate of 350 to 0.5 μL min−1 for droplet collection. For
droplet collection, the PTFE tubing connected to the device outlet
was placed into a 10mL glass vial filled with 2mL of PVA solution
(same as above). The vial containing the sample was then capped,
manually inverted for 30 s and left at room temperature overnight
in the dark to allow for extraction of DCM and microparticle pre-
cipitation.
The formedmicroparticles were recovered by removing the ex-

cess PVA solution from the sample vial and then transferring the
leftover solution into 1.5 mL Eppendorf tubes. Once transferred,
the microparticles were washed with Milli-Q water and cen-
trifuged at 7,000 rpm for 7min, followed by 5 subsequent washes
with Milli-Q water at 5,000 rpm for 5 min. After the last wash,

the sample was freeze-dried in a lyophilizer (VirTis Freezemobile
12EL –85 °C FreezeDryer Lyophilizer w/16-Port Tree Manifold)
for 24 h. The samples were stored at –80 °C until used.

2.6. Size Measurements of Droplets and Microparticles

Droplet Morphometry and Velocimetry (DMV) video process-
ing software was used to measure on-chip droplet sizes as they
formed.[43] In brief, the software processed each frame by sub-
tracting the background from the original image. By increasing
the contrast of the image, the software detected the edge of the
droplets, which allowed it to calculate the droplet diameter. DMV
uses the device channel width to set a scale for measurements.
Microparticles were imaged and measured off-chip using

SEM (Hitachi 2-4800) following protocols from our previous
work.[36,38] The preparedmicroparticles were loaded onto an SEM
stub using 50 μL of ethanol for even distribution. The micropar-
ticles were then sputter-coated with gold-palladium (Anatech
Hummer VI, Au/Pd) with plasma discharge at a current of 10
mA for 4 min before imaging. The microparticle diameters were
measured using the Quartz-PCL Image Management Systems
software (Quartz Systems).

2.7. Quantification of Encapsulation Efficiency

The encapsulation of cargo (atRA) in the microparticles at in-
creasing loading concentrations was quantified using UV–Vis
spectrophotometry (SpectraMax M5 plate reader) at 354 nm by
breaking open the particles. Before measurement, the micropar-
ticles were placed in a 1.5 mL Eppendorf tube, re-dissolved into
300 μL of DCM and vortexed at 350 rpm for 5 min. Then, 1 mL
of 95% ethanol was added, followed by vortexing at 15 000 rpm
for 5 min. The solution was then cooled to –80 °C for 5 min be-
fore centrifuging at 15 000 rpm for 5 min to fully precipitate the
PCL from the supernatant solution. This protocol created a clear
supernatant solution containing the intended drug (atRA) with
an opaque precipitate at the bottom of the tube. The supernatant
was removed from the Eppendorf tube and loaded into the plate
reader for analysis. The reported absorbance values are triplicate
measurements of three different batches of microparticles pro-
duced on three different microfluidic devices. A standard curve
was used to determine the concentration of atRA in the samples
(see the Supporting Information). The encapsulation efficiency
(%E.E.) is calculated as a ratio of the atRA detected once the mi-
croparticles are broken open (the cargo) divided by the initial con-
centration of atRA in each polymer solution (the loading concen-
tration), as follows:

%E.E. =
(
[atRA]measured

[atRA]o

)
⋅ 100% (1)

2.8. Preparation of Fibrin-Based Bioink and Crosslinker

The fibrin-based bioink and crosslinker were prepared as de-
scribed previously.[8,44] In brief, a fibrinogen stock (50 mg mL−1)
was formed by dissolving fibrinogen in TBS. A genipin stock so-
lution (25mgmL−1) was prepared by reconstituting solid genipin
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in DMSO. This solution facilitates the covalent crosslinking of
chitosan to fibrin. The bioink was prepared by mixing the solu-
tions with sodium alginate such that the final concentration in
the bioink was: 20 mg mL−1 fibrinogen, 0.3 mg mL−1 genipin
and 1% w/v sodium alginate. Microparticles were re-suspended
in TBS for a final concentration of 1 mg mL−1 in bioink.
Similarly, the crosslinker was prepared by mixing to a concen-

tration of 20mgmL−1 calcium chloride and 1.7 UMmL−1 throm-
bin, both dissolved in TBS. Thrombin is an enzyme that cleaves
fibrinogen into fibrin monomers, playing a crucial role in the fib-
rin polymerization process. Chitosan was prepared by dissolving
25 mg of chitosan into 1% v/v acetic acid and sterilized in an au-
toclave for 30 min. The pH of the crosslinker was adjusted to 7.4
using 𝛽-GP so that the final concentration of the chitosan in the
crosslinker was 0.075% w/v.

2.9. 3D Printing Fibrin Constructs

3D printing was conducted as previously described.[44] To sum-
marize, 3D printing was performed using a BioX 3D printer. The
support bath for the printed fibrin constructs consisted of a 0.5%
w/v agarose solution prepared by mixing agarose at 1 000 rpm
until fully dissolved, autoclaving it at 121 °C, and cooling it to
room temperature to form a slurry due to the high concentra-
tion used. For in vitro drug release studies, 10 × 3 mm cylin-
ders with 20 layers and 25% infill were printed, consistent with
previous fibrin-based bioink studies seeded with drug-releasing
microparticles.[44,45] For rheological measurements, 25 × 2 mm
cylinders with five layers were printed to maintain consistency
with our previous work.[36] Along with the dimensions, the gap
size and sample height were kept consistent,[36] with all con-
structs printed using the same number of layers and bioink vol-
ume. Minor variability due to pneumatic printing pressure fluc-
tuations was minimized by maintaining uniform layer numbers
and operating conditions across all samples.
To print the fibrin constructs, the bioink was transferred to a 5

mL plastic syringe attached to a female-to-female luer lock con-
nector and a 3 mL pneumatic cartridge. A 22-gauge printing nee-
dle was attached to the cartridge. For all prints, the pressure was
set to 11 mm s−1 and the speed to 15 kPa, allowing the needle tip
to shear through the agarose and lay high-resolution fibers while
maintaining fiber thickness. The fibrin constructs were printed
into 3 mL agarose support baths in a 6-well plate. After print-
ing, crosslinker was injected around the construct perimeter us-
ing a 10 mL syringe with a 22-gauge needle. Constructs were left
at room temperature for 30 min to crosslink, then transferred
to a dish of TBS to remove excess agarose and stored in PBS at
4 °C. Crosslinking conditions, including time and method, fol-
lowed established protocols to ensure reproducibility and consis-
tent fibrin scaffold formation.[36,37,44] Fully crosslinked constructs
retained their shape during handling and rheometry, ensuring
consistency across all samples.

2.10. In Vitro Release Kinetics

The release kinetics of atRA both from the microparticles and
from fibrin constructs seeded with microparticles, were mea-
sured by UV–Vis spectrophotometry at 354 nm on a SpectraMax

M5 plate reader reader, following our previous protocol.[37]

Control constructs containing unloaded microparticles (no
atRA) were prepared under identical conditions to account
for potential absorbance contributions from scaffold compo-
nents. The measurements were obtained in triplicate from
three different batches of microparticles and fibrin constructs.
The standard curve used for quantification is available in the
Supporting Information.
For the microparticles, release studies were performed by

suspending atRA-loaded microparticles in PBS, centrifuging
at 5,000 rpm for 5 min to form the supernatant solution, and
re-suspending the pellet in 1 mL of fresh PBS. The suspen-
sion/extraction cycle was done every 2 days for 14 days. The
supernatant solution was inserted into the plate reader for
measurement and quantification of the atRA released from the
microparticles. After the supernatant extraction and measure-
ment on day 14, the remaining suspension was processed (the
particles were broken open) as outlined above to quantify the
atRA remaining unreleased during the 14-day period.
Tomeasure atRA release frommicroparticles in the fibrin con-

structs, a 3D printed 10 × 3 mm cylinder with 20 layers and 25%
grid infill was used. The fibrin construct was removed from the
agarose bath, submerged in a 6-well plate filled with 1 mL of PBS
and placed in a non-sterile incubator at 37 °C. To measure the
atRA released into the PBS, 1 mL of PBS was extracted from each
sample well for measurement every two days for 12 days. 1 mL
of fresh PBS was then added to re-suspend the fibrin constructs
in each sample well to account for the PBS removed. In addition,
the mass of each cylindrical fibrin construct was measured us-
ing an analytical balance every 2 days for 12 days to monitor the
degradation of the fibrin constructs.

2.11. Rheological Analysis of Fibrin Constructs

Clear fibrin constructs with no microparticles (control), fibrin
constructs with microparticles (no cargo) and fibrin constructs
with microparticles (with cargo) were examined to quantify their
viscoelastic andmechanical properties. For this, rheological anal-
ysis was performed on the fibrin constructs using an Anton Paar
Rheometer with a 25 mm sandblasted parallel plate geometry
(PP25/S). The frequency sweeps were from 0.1 to 100 rad s−1

with a strain of 0.5%. Viscosity curves were created using shear
rates from 0.01 to 100 Hz.
Fibrin constructs were printed in a disc-shape design with di-

mensions of 25 x 2mmand left overnight in a 4 °C incubator. The
fibrin constructs were loaded onto the stage and were trimmed
to match the geometry of the rheometer. The parallel plate was
lowered with a 1 mm gap between the stage so that the fibrin
construct was pressed between the geometry and the stage dur-
ing each test. All measurements were performed in triplicate for
three different 3D printed cylinders.

2.12. Statistical Analysis

The data for the effect of drug loading on droplet/microparticle
sizes was analyzed using a one-way ANOVA, and a Tukey’s post
hoc analysis was used to assess the significance of each drug
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loading group compared to each other. The same statistical tests
were used for the release kinetics. All statistical analyses were
performed at a confidence level of 95% (p < 0.05).

3. Results and Discussion

3.1. Drug Loading Concentration Affects Microparticle Size

To investigate how the microparticle cargo affects release kinet-
ics and microparticle mechanical properties upon incorporation
into bioinks for 3D printing, we first developed a suite of mi-
croparticles with different cargo concentrations. The use of mi-
crofluidic devices enables us to create microparticles in a tun-
able, predictable, and controlledmanner. The experimental work-
flow involves the creation of the microparticles using the mi-
crofluidic device, characterization of the resultingmicroparticles,
and the integration and evaluation of the effects of the loaded
microparticles on fibrin constructs (Figure 1). A flow-focusing
microfluidic device developed in-house was used for the fabri-
cation of atRA-loaded PCL microparticles.[38] Our previous re-
search demonstrated that the inclusion of cargo directly impacts
droplet and microparticle sizes.[38] Therefore, it was of particu-
lar interest to investigate how the initial loading concentration of
atRA ([atRA]o) influencesmicroparticle size and encapsulation ef-
ficiency (%E.E.). The [atRA]o is the concentration of atRA added
to the microfluidic device to form the microparticles, with the
encapsulation efficiency (%E. E.) determining how much of that
becomes incorporated into the microparticles.
The flow-focusing geometry and the hydrophilic nature of the

microfluidic channels achieved droplet generation in a jetting
regime, resulting in the formation of oil-in-water (o/w) droplets,
as illustrated in Figure 1. Stable droplet formation was attained
at oil and aqueous flow rates of 350 and 0.5 μL min−1, respec-
tively. The droplets were collected in a vial and stored overnight,
showing no evidence of droplet merging (i.e., coalescence) as
they precipitated to form solid microparticles. Figure 2 shows the
size distribution of droplets (on the microfluidic device), and the
size distribution and the SEM images of the microparticles (after
precipitation) produced over a range of [atRA]o (w/w, atRA/PCL)
as follows: no cargo (Figure 2A,B), 6 μg mg−1 (Figure 2C,D), 10
μg/mg (Figure 2E,F), and 25 μg mg−1 (Figure 2G,H). By chang-
ing the amount of atRA in the oil phase, the effect on droplet and
microparticle size could be observed.
Figure 2 shows that the addition of atRA correlates with a

decrease in both droplet and microparticle sizes (p < 0.05). Al-
though this phenomenon has not been explored for atRA-PCL
microparticles, a similar effect has been observed in previous
studies with PCL microparticles containing other cargos cre-
ated on a microfluidic device.[46,47] This effect can be attributed
to alterations in fluid phases, which impact droplet generation
phenomena.[38,48] Although these prior studies have explored the
overarching effects of cargo incorporation, an exploration into the
impact of increasing quantities of cargo provides insights to aid
in the design of custom-mademicroparticles tailored for targeted
applications (3D printing in this case). By systematically increas-
ing the [atRA]o, we can observe the effects of this variable on the
sizes of the fabricated microparticles.
The addition of cargo causes a reduction in the microparticle

size which plateaus once a loading concentration of 10 μg mg−1

is reached. Significant changes (p < 0.05) in mean microparti-
cle sizes were observed between the 0 μg mg−1 to 6 μg mg−1

samples and between the 6 μg mg−1 and 10 μg mg−1 samples,
resulting in a decrease in both droplet and microparticle sizes.
However, the final increment in cargo to 25 μg mg−1 showed
no quantifiable change in droplet or microparticle size in com-
parison to the other tested concentrations (6 μg mg−1 vs 25 μg
mg−1 and 10 μg mg−1 vs 25 μg mg−1). Table 1 summarizes the
range of droplet andmicroparticle sizes obtained for each [atRA]o.
From these observations we can infer a limiting effect on the de-
crease in droplet/microparticle size at drug loading concentra-
tions above an optimal threshold. Future work could investigate
how this optimal drug loading concentration may vary using dif-
ferent cargos or polymers when fabricating microparticles using
microfluidic devices.

3.2. Microfluidic Device Enables High Efficiency Encapsulation of
atRA-PCL in Microparticles

We are able to achieve a high level of encapsulation (85.9 ± 5.0%)
of atRA into PCL microparticles, with current batch methods
achieving an encapsulation efficiency (%E. E.) in the range of
only 50–60%.[32,49] Table 2 shows the encapsulation efficiency of
atRA in the microparticles created on our microfluidic device for
each initial drug loading concentration ([atRA]o). The maximum
encapsulation efficiency (85.9 ± 5.0%) is achieved at a [atRA]o
of 10 μg mg−1 (w/w, atRA/PCL). Statistical analysis (one-way
ANOVA and Tukey’s post hoc analysis) shows significant differ-
ences (p < 0.05) in the %E.E. when comparing the microparticles
initially loaded with 10 μg mg−1 cargo to those initially loaded
with 6 μg mg−1 or 25 μg mg−1 cargo (6 μg mg−1 and 25 μg mg−1

are the same).
We hypothesize that the higher encapsulation achieved at an

[atRA]o of 10 μg mg−1 is likely is due to the solvent interactions
that occur involving DCM and DMSO as the droplets harden
into PCL microparticles via solvent evaporation. These solvent
interactions are enabled by the rapid mixing and high surface-
area-to-volume ratios of droplets within the microfluidic device,
promoting uniform distribution of the drug within the droplets
and reducing the formation of empty carriers.[50] Evidence from
literature suggests that the water-miscible properties of DMSO
allow for its immediate diffusion from the dispersed to the con-
tinuous phase, leading to faster solvent evaporation and higher
encapsulation.[51,52] Furthermore, microfluidic-based polymer
microparticle fabrication has shown increased effectiveness in
the encapsulation of lipid-soluble drugs compared to those made
in batch, offering a controlled and reproducible environment
which decreases the risk of drug loss and aggregation, leading
to improved encapsulation.[41,42]

3.3. Drug Release is Mediated by Microparticles in Scaffold
Constructs

To understand the drug release behaviour of our bespoke mi-
croparticles under cell-like environments, the release kinetics of
particles with the highest %E.E. (microparticles with a [atRA]o of
10 μg mg−1) were quantified before and after integration in the

Macromol. Biosci. 2025, 25, 2400464 2400464 (6 of 13) © 2025 The Author(s). Macromolecular Bioscience published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.mbs-journal.de


www.advancedsciencenews.com www.mbs-journal.de

Figure 2. Comparison of the on-chip droplet size (yellow data) with the off-chip microparticle size (purple data) with increasing [atRA]o in the oil phase.
Histograms (left column) display the % relative frequency counts of droplets or microparticles versus size. The number of bins is 70 for each histogram.
The plotted curve on each histogram represents the fitted normal distribution. The initial drug loading concentration ([atRA]o) in each case is: A) and
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Table 1. Summary of average droplet (on-chip) andmicroparticle (off-chip)
sizes generated for each initial drug loading concentration ([atRA]o, μg
mg−1, w/w, atRA/PCL). These data are shown graphically in Figure 2. STD
is the standard deviation and %CV* is the coefficient of variation, a mea-
sure of the size of the distribution.

(μg mg−1)
[atRA]o

Droplet
size (μm)

STD % CV* Microparticle
size (μm)

STD %CV*

0 68.4 4.0 5.8 21.4 2.7 12.5

6 67.0 0.8 1.2 20.2 3.9 19.2

10 63.1 2.8 4.5 19.1 1.8 9.6

25 64.2 1.1 1.8 19.6 2.2 11.1

Table 2. Summary of encapsulation efficiency (% E.E) for each intial drug
loading concentration of atRA/PCL (μg/mg, w/w). N = 3 for each drug
loading concentration.

[atRA]o (μg mg−1) %E.E. STD % CV

6 64.1 4.58 7.14

10 85.9 5.03 5.85

25 62.2 7.25 11.7

printed fibrin constructs, with additional controls used to account
for non-cargo contribution. Sampling was performed every two
days for a 14-day period. The data were normalized to isolate the
release profile of atRA from other potential confounding factors.
Figure 3 compares the release kinetics of microparticles sus-

pended in PBS buffer (black squares), constructs with micropar-
ticles containing atRA (blue triangles), constructs with unloaded
microparticles (red circles), and the cumulative release of atRA
alone (green triangles). By subtracting the background contribu-
tions of unloaded microparticles, the cumulative release of atRA
alone (green triangles in Figure 3) was determined. This normal-
ization process ensured that the signal measured corresponded
solely to atRA release.
The release profile for the microparticles in buffer (black

squares) showed a cumulative release of 67 ± 6.7% at the end
of the 14 day period. There is a significant (p < 0.05) release of
drug occurring from day 2, with an overall faster drug release
when compared to other work using atRA-PCLmicroparticles.[32]

The mechanism for drug release shown for the microparticles in
buffer in Figure 3 aligns with literature by following zero-order
kinetics likely due to a combination of surface erosion and ester
hydrolysis of the PCL polymer.[53,54] Statistical analysis via a one-
way ANOVA reveals significant differences in mean cumulative
release of atRA from the PCL microparticles from day 4 onwards
as part of the initial burst release that occurs on day 2. Although
the trend in cumulative release as seen in the release profiles is
typical for PCL, the slope of the curves (or the rate of percent atRA
cumulative release) is faster. From this we can infer that a faster
rate of degradation of the drug loaded PCLmicroparticles may be

Figure 3. Drug release behavior of atRA microparticles and scaffold-
mediated effects on release kinetics. The microparticles had a 10 μg
mg−1 drug loading concentration and were produced at a flow rate ra-
tio of 350:0.5 μL min−1 (oil/aqueous) on our microfluidic platform. Black
squares represent the cumulative release of atRA from PCL microparti-
cles suspended in PBS over a 14-day period. Blue triangles indicate the to-
tal release from fibrin constructs seeded with atRA-loaded microparticles,
while red circles correspond to constructs with unloaded microparticles
(no drug cargo). Green triangles show the normalized cumulative release
of atRA, obtained by subtracting the contributions of unloaded micropar-
ticles. This normalization isolates the release profile of atRA alone. The
fibrin constructs degraded fully by day 12, while PCL microparticles in PBS
continued releasing atRA until day 14. The concentration of drug released
into the supernatant was determined using a standard curve (see the Sup-
porting Information).N= 3 in each case, the error bars show the standard
deviation, and statistical significance is shown with a star (p < 0.05, ns =
non significant).

occurring than is typically seen in the literature. This may be due
to the use of a highermolecular weight PCL (70 000–90 000MW).
Prior work has shown that lower degrees of crystallinity resulting
from the use of higher molecular weight PCL can influence the
rates of degradation.[55,56]

In contrast, the cumulative release of atRA in fibrin constructs
was notably lower, achieving only 39 ± 2.9% by day 12 (green
triangles). This indicates that the scaffold environment plays a
critical role in modulating release behavior. The presence of the
fibrin-alginate-chitosan matrix introduces several mechanisms
that contribute to the slower release. Physically, the scaffold net-
work acts as a diffusion barrier, limiting the free mobility of
atRA. Chemically, electrostatic interactions between the nega-
tively charged atRA and positively charged components of the
scaffold, such as chitosan and calcium ions (Ca2 +), further re-
strict drug mobility. [57,58]

Additionally, the hydrophilic nature of the fibrin constructmay
influence both the degradation of the PCL microparticles and
the release of atRA. The swelling behavior of fibrin constructs

B) no cargo, C) and D) 6 μg mg−1 (w/w, atRA/PCL), E) and F) 10 μg mg−1 (w/w, atRA/PCL) and G) and H) 25 μg mg−1 (w/w, atRA/PCL). N = 150
over an average of three runs for each data set at a flow rate of 350:0.5 μL min−1 (oil/aqueous). Sizes of droplets were measured on-chip using the
Droplet Morphometry and Velocimetry software and microparticles were measured off-chip after solvent extraction using SEM for each drug loading
concentration (right column). N = 150 over three runs for each data set obtained for the microparticle measurements using SEM. Table 1 shows the
average size, standard deviation, and coefficient of variation for each data set.
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upon hydration creates a microenvironment that stabilizes hy-
drophobic molecules like atRA, reducing the overall release rate.
Interestingly, this effect highlights a potential advantage of us-
ing composite hydrogels to achievemore controlled release kinet-
ics. While the specific contributions of these ionic and physical
interactions remain to be fully elucidated, these findings under-
score the capacity of the scaffold to regulate drug delivery profiles
effectively.[59–61]

The normalized cumulative release profile (green triangles)
further emphasizes the impact of these scaffold-mediated
interactions. While the constructs showed an initial burst release
similar to microparticles in buffer (black squares), the overall
trend was more gradual, suggesting that the scaffold matrix
plays a significant role in extending release. From days 2 to 8,
statistical analysis revealed significant differences (p < 0.05) in
release profiles between the two conditions. By day 12, the fibrin
constructs had fully degraded. This controlled release behavior
contrasts sharply with the less restrictive release observed in PBS,
demonstrating the efficacy of the scaffold in modulating delivery.
Mechanistically, the observed release behavior reflects a dy-

namic interplay between the inherent degradation of the PCL
microparticles, ionic interactions within the scaffold matrix,
and swelling-induced stabilization of hydrophobic molecules
like atRA. The zero-order release kinetics observed in buffer
reflect the inherent degradation behavior of PCL microparticles.
However, in the fibrin constructs, first-order kinetics dominate,
as interactions within the matrix alter both the release dynamics
and the degradation pathway of the microparticles.[58,62] These
findings offer valuable insights into the design of composite
scaffolds for drug delivery and smart bioinks for tissue engi-
neering, particularly in applications requiring sustained and
controlled release. Furthermore this study demonstrates, for
the first time, the ability of a fibrin-alginate-chitosan scaffold
to modulate the release of atRA-loaded PCL microparticles,
providing a robust framework for designing bioinks tailored for
long-term therapeutic applications.

3.4. Presence of atRA in PCL Microparticles Increases
Degradation of Fibrin Constructs

Given the difference in the release profile of atRA from PCL mi-
croparticles when they were included in the fibrin construct, we
further investigated how the degradation of the fibrin constructs
occurs upon the addition of the microparticles. To do this, we
monitored changes in the masses of fibrin constructs seeded
with and without atRA microparticles to visualize their degrada-
tion over 14 days. Figure 4 shows the fibrin construct mass de-
crease over time for fibrin constructs with nomicroparticles (grey
squares), fibrin constructs with unloaded microparticles (red cir-
cles) and fibrin constructs with microparticles loaded with atRA
(blue triangles, [atRA]o = 10 μg mg−1).
The degradation profile observed for all three conditions

showed that for the first 2 days there was no significant difference
in the degradation of the fibrin construct (∼25%mass loss in each
case). Similarly, from day 2 to day 6, statistical analysis reveals no
significant differences in mass between each experimental con-
dition, though the overall rate of degradation decreases. This is
especially significant for the case of the fibrin construct with drug

Figure 4. Effect ofmicroparticles on the degradation of the fibrin construct
over time. Fibrin construct mass loss shows the degradation of fibrin con-
structs over a 14 day period. Grey squares represent the control group of
fibrin constructs with no microparticles. Red circles represent fibrin con-
structs seeded with microparticles with no drug cargo. Blue triangles rep-
resent fibrin constructs seeded with atRA microparticles ([atRA]o = 10 μg
mg−1). N = 3 in each case, using fibrin constructs with a 10 x 3 mm cylin-
drical design. Error bars show the standard deviation.

loadedmicroparticles, since the analysis showed an∼30% release
of the cargo at this time. However, between day 8 and day 12, the
mass loss between those releasing cargo (blue triangles) and the
other two groups show a quantifiable difference. Microparticles
with cargo caused amuch faster mass loss in the fibrin construct,
reaching close to 100% degradation at day 14.
Furthermore, from our prior analysis (Figure 3) we know that

all the cargo has been released from the microparticles by day
12, implying that the presence of atRA in solution causes a faster
degradation of the fibrin constructs than when the microparti-
cles are present but have no cargo. This behavior is consistent
with the literature, which shows that atRA, a negatively charged
molecule, forms electrostatic complexes with cationic polymers
like chitosan, potentially altering scaffold stability through ionic
interactions.[58,59] Additionally, calcium ions (Ca2 +) are known to
stabilize fibrin networks via specific binding sites on fibrinogen,
and such interactions may be disrupted by atRA or other charged
species within the scaffold environment [57]. Future work could
explore these interactions in detail to better elucidate the role of
specific bioink components in modulating scaffold stability, and
to allow the creation of more bespoke bioink formulations.
It is important to note that the fibrin constructs seeded with

microparticles with no cargo (red circles) show an overall slower
degradation rate than the control fibrin construct which con-
tained no microparticles at all (grey squares). This aligns with
previous studies on similar fibrin constructs[36] and showcases
how the PCL plays an advantageous role inmaintaining the struc-
tural integrity of fibrin-based scaffolds. This highlights the im-
portance of accounting for electrostatic interactions between the
therapeutic, the crosslinker, and the scaffoldmaterial, whichmay
influence degradation dynamics. Overall, our data suggest that
the faster degradation of the fibrin constructs is primarily driven
by interactions between the therapeutic (atRA) and the scaffold
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Figure 5. Effect of microparticles on the rheological properties of the 3D printed fibrin constructs. A) Change in viscosity over a range of shear rates,
showing no significant differences (ns) across all groups. B) Change in storage modulus (G’) and loss modulus (G’’) over angular frequency, showing a
significant difference (p< 0.05) between G’ andG’’. C) Expanded analysis of the storagemodulus (G’) across angular frequencies, highlighting significant
differences (p < 0.05) between the formulations with and without cargo-loaded microparticles, as well as cargo loaded and control formulations. D)
Expanded analysis of the loss modulus (G’’) across angular frequencies, highlighting only significant differences (p < 0.05) between the formulations
with and without cargo-loaded microparticles. C and D show the same data as B. Grey squares represent the control group of fibrin constructs with no
microparticles. Red circles represent fibrin constructs seeded with microparticles without cargo. Blue triangles represent fibrin constructs seeded with
microparticles with a [atRA]o of 10 μg mg−1. N = 3 for each condition and error bars show the standard deviation.

components, including fibrin, calcium ions (Ca2 +), alginate, and
chitosan, rather than by the presence of the PCL microparti-
cles themselves.

3.5. Presence of atRA Promotes Stiffening of Fibrin Constructs

Themechanical properties of 3D printed fibrin constructs seeded
with atRA-PCL microparticles were further assessed by investi-
gating the viscosity of the material versus its shear rate, along
with its storage modulus (G’) and loss modulus (G’’). Viscosity

was measured at shear rates of 0.01 to 90 Hz to quantitatively
investigate the deformation properties of the material. Determi-
nation of the storage and loss moduli was done by printing 25
x 2 mm disc-shaped fibrin constructs and applying a frequency
sweep from 0.1 to 100 rad s−1 at a 0.5% strain.[36] In both cases,
rheological data was acquired for fibrin constructs with no mi-
croparticles (grey squares), fibrin constructs with unloaded mi-
croparticles (red circles) and fibrin constructs withmicroparticles
loaded with atRA (blue triangles, [atRA]o = 10 μg mg−1).
Figure 5A shows that the viscosity decreases at increas-

ing shear rates across all tested, fully crosslinked constructs.
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This consistent shear-thinning behavior aligns with prior
studies,[63–65] as well as with our prior work,[36] showing flow
behavior index values within the typical range of 0 < n< 1. The
composite bioink components, such as alginate and chitosan,
contribute to this property, preserving extrudability and elasticity
even after crosslinking.[36,64] These findings suggest that the ad-
dition of atRA-PCL microparticles does not significantly alter the
viscoelastic properties of the fibrin constructs. Shear-thinning
behaviour is ideal in bioinks as it enables them to flow or ex-
perience deformation more readily while retaining their elastic
shape during the extrusion process, hence protecting living cells
from the 3D printing extrusion process.[66]

Frequency sweeps (Figure 5B) show the G’ and G’’ properties
of each experimental group as described above. These data are
consistent with our previous published work.[36] Overall, a trend
can be seen showing how G’ is greater than G’’ as angular fre-
quency increases in all cases. This is confirmed through statis-
tical analysis using a one-way ANOVA and post-hoc Tukey test,
with G’ and G’’ being significantly different. A greater storage
modulus compared to loss modulus demonstrates good elastic
retention, allowing for the preservation of shape within the fib-
rin construct.
When comparing the G’ of the fibrin constructs, there is a

significant difference between population means of fibrin con-
structs with unloaded microparticles (red circles) and the control
group consisting of fibrin constructs with nomicroparticles (grey
squares). However, this difference is not seen when comparing
the G’’ values. This shows that the addition of PCL microparti-
cles influences elastic retention during deformation more than
viscous flow, effectively allowing fibrin constructs to behavemore
solid-like than liquid-like. Furthermore, the addition of the drug
cargo to the PCLmicroparticles causes an increase in both the G’
and G’’ values of the fibrin constructs with angular frequency in
a manner comparable to previous literature.[36]

Overall, these rheological data suggest that atRA micropar-
ticles do not affect the shear-thinning behavior of fibrin-based
bioinks, but they significantly contribute to fibrin constructs be-
coming more solid-like. This is shown by the increase in stor-
agemodulus (G’), which indicates enhanced elastic retention and
structural integrity under deformation. Increases in storagemod-
ulus for embedded particles in fibrin-alginate hydrogels has been
shown before.[67] Such behavior is advantageous for scaffolds in-
tended for load-bearing or mechanically dynamic environments,
where maintaining shape stability is critical. The ability to tune
the solid-like properties of fibrin constructs through the inclusion
of drug-loaded microparticles highlights the potential for design-
ing bioinks tailored for specific tissue engineering applications.
For example, the interactions between scaffold components such
as chitosan, fibrin, and the encapsulated therapeutic could be op-
timized to modulate cross-linking density and mechanical per-
formance, providing a pathway for creating bespoke bioinks with
controlled stiffness and elasticity.
Future studies could investigate how these microparticles in-

fluence the cross-linking within fibrin constructs and whether
the observed stiffening behavior is linked to ionic interactions or
specific polymer-drug interactions. Additionally, the assessment
of mechanical properties at multiple time-points could provide a
deeper understanding of the scaffold degradation. Understand-
ing these mechanisms will enable the rational design of bioinks

with tunable viscoelastic properties, enhancing their functional-
ity in various biological environments and advancing their trans-
lation into clinical settings.

4. Conclusion

This study highlights the influence of drug-releasing microparti-
cles on thematerial properties of 3D printed fibrin-based bioinks,
with a focus on their potential for therapeutic delivery and tis-
sue engineering applications. We demonstrate that atRA-loaded
PCL microparticles can promote controlled degradation of fibrin
constructs while maintaining desirable mechanical properties.
Using a microfluidic platform, we achieved high encapsulation
efficiency (85.9 ± 5.0%) and controlled microparticle size, repre-
senting a 25–35% improvement over traditionalmethods. Impor-
tantly, we found that atRA release is slower in fibrin constructs
compared to buffer, highlighting the critical role of scaffold com-
position in modulating drug release profiles. Additionally, the
presence of atRA promoted faster degradation of the fibrin con-
structs, underscoring the need to consider therapeutic-scaffold
interactions during bioink design. Rheological analysis also con-
firmed that the addition of microparticles, with or without cargo,
enhances the solid-like behavior of fibrin constructs without al-
tering their shear-thinning properties. By providing a foundation
for understanding the interactions between therapeutics, drug-
releasing microparticles and scaffold materials, this work offers
valuable design principles for creating bioinks with tailored re-
lease kinetics, material degradation and mechanical properties,
and therapeutic functionality, enabling broader applications in
tissue engineering.
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