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ABSTRACT: The use of polyphenol-based particles as functional materials has demonstrated great promise for applications ranging
from targeted therapeutics to environmental remediation due to their biocompatibility, potent reactivity, and modular chemistry.
Despite these rich benefits, polyphenols remain difficult to formulate with due to their susceptibility to spontaneous aggregation in
aqueous environments. In this study, we explore conditions that leverage this aggregation as a feature to seed the production of
monodispersed (polydispersity index of <0.1) nanoparticles with controlled diameters <200 nm. To accomplish this goal, we
evaluated the assembly dynamics of a heterogeneous population of green tea extracts in water and investigated the interplay between
temperature, time, and surface confinement in both fixed vessels and emulsion droplets on particle size and uniformity. In both cases,
homogeneous nanoparticles are created, highlighting a feasible pathway to control and scale the production of polyphenolic
nanostructures for future materials applications.

B INTRODUCTION of the most abundant sources of polyphenols in nature. In fact,
Polyphenols have garnered increasin% interest as materials for the fabrication and use of tea polyphenol rllanoparticle.s
applications in tissue engineering,"”” drug delivery,”™ and (TPNPs) have been explored in numerous studies due their
water remediation®”® due in large part to the high reactivity of inherent self-assembly and retained functionality, which can be
the core phenolic groups. This reactivity facilitates self- tuned by reaction conditions such as time, starting
assembly, hydrogen bonding, and extended conjugation, concentrations, temperature, and volume.'”'"~** Despite
enabling the creation of multifunctional structures that possess reported successes, TPNPs presented in the literature are
key advantages.””"" For instance, in drug delivery, polyphenol- typically produced at low (~1 mg/mL) concentrations and
based nanoparticles (NPs) enhance vehicle efficiency and small (~mL) reaction scales.'>'? ™

safety due to their high antioxidant and anti-inflammatory To address these limitations, we explored conditions to

T . g 1215 .

properties, improving cell uptake and bioavailability. The control the nucleation and growth of concentrated polyphenols
incorporation of polyphenols has also been shown to inhibit extracted from green tea leaves. We optimized the synthesis
quorum  sensing, disrupting bacterial binding and biolfélrln and systematically evaluated the effects of reaction surface
formation through controlled competitive binding events.'*"” curvature, time, and temperature on nanoparticle diameter and

In cell-free applications, polyphenol chemistries applied in
filtration systems have been reported to enhance entrapment of
organic dyes and/or chelation of inorganic salts in waste
streams.””'® Despite these extraordinary capabilities, there is
no universal source of polyphenols, and this variability
continues to impact quality control and uniformity of products
when investigated in materials applications.'”"*

Polyphenols can be sourced from various types of biomass,
including phenolic acids, nonflavonoids, flavonoids, and
polyphenol-rich extracts. Among them, tea leaves are some

polydispersity. To introduce a pathway for scalability, we
transitioned the batch-processed reaction conditions from our
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Figure 1. Optimization of TPNP synthesis. (A) Illustration of TPNP formation, highlighting key variables for scaling production, indicated in red.
(B) TPNP formation in the nucleation stage. (i) Representative SEM images of TPNPs at the various temperatures (25 °C (top) and 65 °C
(bottom)) with the various spin rates (0, 300, and 600 rpm). (ii) Analysis of the hydrodynamic diameter versus the spin rate at 25 and 65 °C. (iii)
Analysis of PDI versus the spin rate at 25 and 65 °C. (C) TPNP formation in the aggregation stage. (i) Representative SEM images of TPNPs at
the various temperatures (4 °C (top) and 25 °C (bottom)) over time (24, 42, 48, and 72 h). (ii) The hydrodynamic diameter versus reaction time
at 4 and 25 °C. (iii) Analysis of PDI versus the reaction time at 4 and 25 °C. All particle sizes and PDIs were measured by dynamic light scattering
(DLS) in triplicate and recorded as mean =+ standard deviation (S.D.). All scale bars correspond to 1 ym.

fixed vessels to a continuous flow system designed to replicate
the surface confinement needed for consistent TPNP
production. We validated feasibility using a microfluidic chip,
where TPNPs are produced within water-in-oil (W/O)
emulsion droplets and subjected to controlled thermocycling
to produce homogeneous nanoparticles. This development
offers a scalable approach to produce robust TPNPs at
concentrations 100 times higher than previous reports with
product yields of 1 mg/batch (static conditions) and 155 mg/
batch (from emulsion droplet conditions).

B RESULTS AND DISCUSSION

Inspired by recent findings that theophylline can act as a cross-
linker to strengthen intermolecular interactions needed for
TPNP formation,'” we explored combinations of theophylline
with tea polyphenols (TPs) to scale the production of these
particles. Li and co-workers established that TPNP formation
is initiated in solution at 1 mg/mL in the presence of
theophylline in air (80 °C for 30 h); after which point, NP
precipitation occurs during a room temperature incubation (48
h), which they claim occurs via oxidative polymerization.'” We
explored conditions to scale this process by carefully adjusting:
(1) the concentration and ratio of the TP precursor with
theophylline, (2) the reaction temperature, and (3) the stirring
rate (Figure 1A). Through our combinatorial approach, we
identified parameters that significantly influence the physical

characteristics of the TPNPs, including morphology, particle
size, and polydispersity at higher starting concentrations.

To start, we varied the ratio of TPs and theophylline in the
initial reaction and observed that 32 mg/mL tea extract with
0.6 mg/mL theophylline in water was the maximum achievable
concentration for creating particles (Table S1). To achieve
TPNPs with a polydispersity index (PDI) below 0.1 (Figure
1B,C, Table S1), we investigated nucleation temperatures (25
and 65 °C) under varying stirring speeds (0, 300, and 600
rpm) on nanoparticle formation. In our experiments, stirring
the TP precursors at 600 rpm resulted in TPNPs with a
hydrodynamic diameter of 237 + 122 nm and a PDI of 0.27 +
0.01 at 65 °C, compared to TPNPs produced at 25 °C, which
had a diameter of 499 + 315 nm and a PDI of 0.38 + 0.14
(Figure 1B). Interestingly, when no stirring was applied during
the nucleation stage at 65 °C, the hydrodynamic diameter of
TPNPs was reduced to 182 + 52 nm with a PDI of 0.08 +
0.01, indicating that the particles were monodispersed under
these conditions (Figure 1B). Based on our analysis, we
determined that a static (no stirring) condition at 65 °C
produced the smallest diameter particles with the lowest PDI.
This condition was used when exploring reaction conditions of
the aggregation stage, where we examined how duration and
temperature affected nanoparticle diameter and PDI. When the
reactors were kept at 4 °C for 48 h, a hydrodynamic size of 171
+ 40 nm and PDI of 0.06 + 0.00 were achieved in contrast to
169 =+ 52 and 230 =+ 85 nm particle diameters when incubated
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Figure 2. Tracking stability of TPNPs in a 1 wt/v% aqueous solution over time and at varying temperatures. (A) Thermal stability was evaluated by
exposing the solution to 4, 25, 65, and 90 °C for 30 min, measuring the effects on (i) hydrodynamic diameters and (ii) PDIs. (B) Storage stability
at room temperature was monitored over 1, 2, 3, and 14 days with measurements of (i) hydrodynamic diameters and (ii) PDIs. All particle sizes
and PDIs were measured using DLS in triplicate and recorded as mean + SD.
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Figure 3. Investigating the influence of surface curvature on TPNP assembly. (A) Images of various vessel sizes tested: (i) a 20 mL flat-bottom vial,
(ii) a 50 mL round-bottom flask, (iii) a 15 mL round vial, and (iv) a 10 mL round vial. Scale bar = 1 cm. The surface curvature (k) for each vessel is
shown as an inset. (B) Representative SEM images of particles formed in each vessel corresponding to (A). Scale bar = 1 ym. (C) Surface curvature
of different vessels impacts (i) hydrodynamic diameters and (ii) PDIs of the particles as measured by DLS. All values were measured in triplicate
and recorded as mean + SD.
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Figure 4. Formation and analysis of TPNPs from W/O emulsion droplets using a microfluidic chip. (A) Bright-field images of the W/O emulsion
droplets containing TP precursors were produced using a coflow microfluidic chip. (B) Bright-field images of the droplets at various stages: (i) after
formation, (i) after the nucleation stage (RT, 48 h), and (iii) after the aggregation stage (4 °C, 48 h). (C) Representative SEM image of TPNPs
obtained through lysing droplets and subsequent purification. Scale bars in (B) are 1 mm; scale bar in (C) is 1 ym.

for 24 or 72 h at 4 °C (Figure 1C). When reactors were
incubated at 25 °C (no stirring) like the Li paper,'” NPs
appeared more uneven with hydrodynamic diameters of 281 +
135 nm and a PDI of 0.31 + 0.16 after 48 h (Figure 1C).

To further support the measurements collected on the DLS,
we manually measured diameters and calculated the PDI from
these values based on particle sizes from our SEM images (n =
100 particles measured across 3 images per condition) in
Figure S1. While minor deviations in the average particle sizes
were observed in the optimized conditions (182 + 53 and 197
+ 15 nm for SEM measured vs DLS measured diameters in 65
°C nucleation stage, respectively, and 596 + 427 and 758 +
274 nm for SEM measured vs DLS measured diameters in 25
°C nucleation stage, respectively), these differences were not
statistically different from one another (p > 0.05). These
observations further support that the DLS analysis is
appropriate for monitoring reaction optimization in our
method. The optimized condition, involving no stirring during
the nucleation stage at 65 °C for 1 day and the aggregation
stage at 4 °C for 2 days, yields 3% of TPNPs (1 mg) from the
initial 32 mg/mL tea extract and 0.6 mg/mL theophylline
precursor materials in water.

Stability of TPNPs. Based on our optimization reactions,
we identified that nucleation at heated, static conditions (65
°C, no stirring) followed by aggregation under cooled, static
conditions (4 °C, no stirring) provided the most uniform
particles. We next assessed the storage and thermal stability of
the optimized TPNPs in Milli-Q water by analyzing their size
and size distribution. For the storage stability assessments, all
aqueous suspensions (1 wt/v%) were monitored at room
temperature over 2 weeks using DLS. For thermal stability,
aqueous suspensions (1 wt/v%) were monitored after 30 min
when exposed to cold (4 °C), ambient (25 °C), and heated
(65 and 90 °C) conditions. The results revealed hydrodynamic
diameters of 191 + 56, 185 + 77, 190 + 79, and 191 + 85 nm
with corresponding PDIs of 0.09 + 0.03, 0.17 + 0.02, 0.17 +
0.01, and 0.19 + 0.04 after 30 min of incubation at 4, 25, 65,
and 90 °C, respectively (Figure 2A). Elevated thermal
treatment of TPNPs nearly doubled the PDI while maintaining
similar average diameters, suggesting that some aggregation or
particle coalescence may be occurring under these conditions.
This result is further supported by SEM images, as shown in
Figure S3, which indicate that some particles may have
aggregated at 65 °C after 30 min. Despite these differences, the
particle diameters remained stable during incubation in
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solution for over 2 weeks at room temperature, with no
significant changes observed (original sizes of 190 + 79 and
182 + 60 nm after 2 weeks). The slight variations in PDI
(original PDI of 0.17 + 0.01 and 0.13 + 0.04 after 2 weeks)
further confirm the stability of the particles during this period
(Figure 2B). Similarly, the zeta potential of TPNPs measured
at —40 mV also did not significantly change (Figure S2),
indicating that the particle surface chemistry and charge
remained consistent under these storage conditions.

Surface Curvature Affects Particle Formation. While
we observed promising results from the optimized TPNPs
within sealed vials containing only 1 mL of precursor solution
(Figure 3), increasing the reaction volume to 3 mL led to
noticeable changes in particle morphology (Figure S4A), with
particle diameters increasing to 242 + 80 nm and an increase
in PDI to 0.11 (Figure S4B). To evaluate the scalability of the
reaction, we tested various sealed vessel types, as we explored
how reaction volume and vessel surface curvature (k) influence
particle diameter and PDIL In this analysis, surface curvature
was defined as 1/r, where r is the cross-sectional radius of the
reaction vessel. We selected four different types of glass vials
with varying capacities: a 20 mL flat-bottomed vial (Figure
3Ai), a 50 mL round-bottomed flask (Figure 3Aii), a 15 mL
round vial (Figure 3Aiii), and a 10 mL round vial (Figure
3Aiv). At a fixed 1 mL volume, we calculated k as 0, 0.42, 1.14,
and 1.76 cm™}, representing the 20 mL flat-bottomed, 50 mL,
1S mL, and 10 mL curved vials, respectively. We observed
differences in nanoparticles morphology (Figure 3B) and
hydrodynamic diameters (Figure 3Ci) that also correlated with
significant changes in PDIs (Figure 3Cii). In all cases, the
larger k resulted in a narrower and smaller PDI as well as more
uniform diameters. For instance, TPNPs synthesized in a 10
mL sealed round vial with a surface curvature of 1.76 cm™ had
a diameter of 171 + 40 nm and PDI of 0.06 = 0.01 compared
to a 20 mL flat-bottom vial (k ~ 0 cm™!), which had a
diameter of 335 + 246 nm and corresponding PDI of 0.38 +
0.13 (Figure 3C).

Given these observations, we aimed to explore whether
maximizing the surface curvature could be achieved without
compromising the reaction throughput. To test this, we
created water-in-oil (W/O) emulsion droplets containing the
TP precursor materials using a coflow microfluidic chip similar
to previous work.”* The device featured an outer channel with
a 1 mm inner dimension of a square capillary tube for the oil
phase and a tapered circular capillary with a 400 ym diameter
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for the inner aqueous TPNP solution (Figure 4A). The flow
rates were set at 4 mL/h for the inner aqueous phase and 15
mL/h for the outer oil phase, enabling the formation of stable
W/O droplets resulting in the formation of stable W/O
droplets. These droplets successfully encapsulated TP
precursor materials at concentrations up to 100 mg/mlL,
which is 100X the concentrations reported in the literature.
The generated droplets had an average diameter of 1.6 mm
(Figure 4Bi), corresponding to an k value of 12.4 cm™.
Because the W/O droplets ruptured at 65 °C after 1 h, we
readjusted the procedure to incubate the nucleation stage at
room temperature for 48 h, which was sufficient to generate
turbidity in the inner phase (Figure 4Bii). This was followed by
an aggregation step at 4 °C for an additional 48 h (Figure
4Biii). Despite these modifications, TPNPs successfully formed
(Figure 4C), with a recorded hydrodynamic diameter range of
191 + 32 nm and a PDI of 0.06 + 0.00. This modified
approach produced 15.5 mg of TPNPs from a total of 100 mg/
mL of TP precursor and 1 mL/mL of theophylline,
representing a 16% yield, compared to the 3% yield achieved
under static vessel conditions. We attributed this increase in
yield to the higher exposed surface curvature of the emulsion
droplets, further supporting a scalable pathway for enhanced
TPNP production.

B CONCLUSIONS

In this study, we developed a reproducible method for
generating <200 nm TPNPs up to concentrations 100 times
higher than previously reported. In our attempts to scale
production, we discovered a strong dependence of nano-
particle uniformity on the exposed surface curvature of the
reaction vessel, which may have previously limited the
scalability of these nanoparticles. While these direct
correlations are still under investigation, we were able to
leverage this insight in the design of W/O emulsions that
maximize exposed surface curvature to scale the production of
TPNPs in droplets. This breakthrough introduces a realistic
pathway to move beyond benchtop fabrication toward more
industrial scales, which is critical for future materials
applications. While our work focused on polyphenol extracts
from green tea, we believe that this method can be adapted for
other phenolic starting materials, expanding the potential
application space of these valuable biomaterials.

B MATERIALS AND METHODS

Synthesizing TPNPs. TPNPs were synthesized by
dissolving a green tea polyphenol (TP) powder (32 mg, tea
extract, 4:1, powder from hydroglycolic extraction of Camellia
sinensis, Spectrum chemical) and theophylline (0.6 w/w %,
Sigma-Aldrich) in 1 mL of Milli-Q deionized water inside a 10
mL sealed tube. The mixture was heated to 65 °C for 24 h
without stirring. Afterward, the solution was allowed to cool
naturally and was stored undisturbed at 4 °C for 2 days. The
TPNPs were then isolated by centrifugation at 2350g for 30
min and rinsed three times with deionized water via
centrifugation at 21150g for 30 min each time to obtain the
brown precipitate. The final product was stored at 4 °C for
later use.

B CHARACTERIZATION OF TP PARTICLES

Dynamic Light Scattering. The hydrodynamic diameter,
polydispersity index (PDI), and zeta potential were measured
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by using a Malvern Nano ZS 90. All measurements were
conducted at 10 mg/mL of sample at 25 °C. All particle sizes
and PDIs were tested by DLS in triplicate.

Scanning Electron Microscopy (SEM) Imaging. SEM
images of the particles were captured by using a Hitachi $4800
field emission SEM microscope. The particle samples were
washed three times with deionized water, diluted, drop-cast
onto glass slides, dried, and coated with platinum using a
sputter coater (Cressington 108 Auto). The analysis was
performed at a voltage of 3 kV and a current of 10 mA.

Surface Curvature Measurements. A total of 0.032 g of
TP powder and 0.6 mg of theophylline were dissolved in 1 mL
of Milli-Q_deionized water in various vessels (10 mL round
vial, 15 mL round vial, S0 mL round-bottom flask, and 20 mL
flat vial) without stirring. The solution was then heated to 65
°C for 24 h. Size analysis of the TP nanoparticles was
conducted on the different surface curvatures, and representa-
tive SEM images of the particles were obtained.

To estimate the curvature magnitude, the curvature of a
differentiable curve was defined by the osculating circle, which
best approximates the curve at a given point. The surface
curvature (k) was calculated using the radius (r) of the
containers, following the equation: k = 1/r. The radius of the
containers was measured through simulations of reactor
curvature using Image.].25

Fabrication of Water-in-Oil Emulsions. The coflow
microfluidic device was constructed by inserting a tapered
circular capillary into a square capillary. Circular capillary tubes
with inner and outer diameters of 0.6 and 0.84 mm
(VitroCom) were tapered using a micropipet puller (P-1000,
Sutter Instrument Inc.), and the final diameter of 400 ym was
achieved by sanding with fine-grit sandpaper. The tapered
circular capillary tube was treated with n-octadecyltrichlor-
osilane (Thermo Scientific Chemicals) to enhance the
wettability of the oil phase. The aqueous phase, containing
100 mg/mL TP precursor materials, flowed through the
tapered circular capillary at a rate of 4 mL/h, while the oil
phase, consisting of fluorocarbon oil (HFE 7500, 3M) with S
w/w % surfactant (Krytox 157FSH, DuPont), flowed through
the square capillary at a rate of 15 mL/h. This configuration
enabled coaxial flow, optimizing the fluid interface for stable
W/O emulsions. The droplets were all formed at room
temperature within 20 min. The droplets were then stored in a
sealed vial containing 10 mL of fluorocarbon oil. Under these
conditions, nucleation at room temperature occurred within 2
days. This was then followed by aggregation at 4 °C for an
additional 48 h to form nanoparticles within the emulsions.
The TPNPs were then isolated by breaking the emulsion via
vortex mixing followed by density-based separation and
purification through multiple centrifugations and washing for
three cycles.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.4c09744.

These include the detailed parameters and results of the
TPNP formation (Table S1), thermostability (Figures
S1—S3), and variables influencing scalability (Figure S4
and Table S2) (PDF)
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