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Digital light processing (DLP) 3D printing
of polymer networks comprising virus-like
particles†
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In this work, we introduce a 3D-printable virus-like particle (VLP)-

enhanced cross-linked biopolymer system. VLPs displaying surface-

available acrylate groups were prepared through aza-Michael addition

to serve as resins. The VLP resins were then photopolymerized into a

poly(ethylene glycol) diacrylate (PEGDA) network following DLP 3D

printing. This approach represents a convergence of disciplines, where

the synergistic interaction between virology and additive manufacturing

unlocks new frontiers in biotechnology.

Additive manufacturing (or 3D printing) is a transformative
technology with an immense potential to impact a broad array
of sectors, such as automotive,1 aerospace,2 and medicine.3–5

Digital light processing (DLP) 3D printing is a form of additive
manufacturing in which light is used to sequentially pattern
liquid resins into 3D constructs with exceptional detail and
surface finish.6–8 In general, the design of resins suitable for
DLP 3D printing requires a low viscosity and a rapid rate of

photocuring.9–11 The most widely applied chemistry is that of
free radical polymerization of acrylates or radical-initiated
thiol–ene chemistry,12–16 due to their rapid rates of curing
upon exposure to light. Thus, DLP 3D printing processes afford
chemically cross-linked polymer networks (thermosets) as the
product.

While resins for vat photopolymerization must be optimized
for its printability and resolution of printed features, the cross-
linked polymer network determines the mechanical properties
of the printed construct. Therefore, the identification of resins
that improve mechanical characteristics while maintaining
printability are important to meet the future demands of the
field. Herein, we demonstrate 3D-printed polymer networks
with chemically incorporated virus-like particles (VLPs) to
enhance a crosslinked polymer scaffold. VLPs from plant
viruses serve as a platform nanotechnology with broad applica-
tions in medicine and materials.17–19 The integration of VLPs
into materials has been realized through hot-melt extrusion,20

electrospinning,21 as well as self-assembly.22 In fact, VLPs have
also been integrated into crosslinked polymers as fillers to
enhance the mechanical and rheological properties of the
materials.23,24 However, their fabrication is limited by the
tooling and setup used during nanocomposite design, which
until now has restricted the applicability of these virus-based
materials to laboratory settings.25 In the present work, we not
only incorporated VLPs into materials, rather we used the VLP
as a printable bioink for additive manufacturing. Our approach
could thus enable custom fabrication of VLP-based devices that
can be directly translated into medical care, in fields such as
tissue engineering and cancer immunotherapy. For example,
VLP cancer vaccines could be realized into single-dose
reservoirs26 specifically designed for custom implantation into
patients, facilitating treatment of tumors that cannot be acces-
sible through intratumoral injection.

We chose the VLPs from physalis mottle virus (PhMV), a
B30 nm icosahedral plant virus with T = 3 symmetry compris-
ing 180 identical B21 kDa coat protein (CP) subunits.27 PhMV
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offers a good stability profile28 and is a versatile platform for
functionalization through bioconjugate chemistry with addres-
sable surface amino acids, cysteine on the interior and
lysine on the exterior, for appending cargo (e.g. therapeutic
molecules29) or linkers for integration into materials, as is
demonstrated here. To utilize the VLPs as inks we functiona-
lized the exterior lysine side chains with acrylate groups
through aza-Michael addition and then photopolymerized the
VLPs into a poly(ethylene glycol) diacrylate (PEGDA) network.
Previous reports with bovine serum albumin have shown that
PEGDA can react with surface amines to afford resins for 3D
printing;30 Here we expand these concepts to larger biomacro-
molecules, namely VLPs. Using thermal analysis, tensile tests
and rheometry, we characterized the thermal and mechanical
properties of the 3D imprinted materials as a function of VLP
incorporation.

The VLPs were expressed in and purified from E. coli using
our established protocols.29 VLPs were isolated at a yield of
B100 mg L�1 culture and stored in PBS buffer pH 7.2 at 4 1C
and characterized using a combination of electrophoresis
techniques, size exclusion chromatography (SEC) and dynamic
light scattering (DLS). To enable photopolymerization of the
VLPs into the polymer networks, we first appended an acrylate
handle by mixing PEGDA with the VLPs using molar excesses of
144 � 103–144 � 104 or 200–2000 equivalents of PEGDA per Lys
side chains (the VLPs have 4 addressable Lys per CP or 720 Lys
per VLP31). Under these conditions, PEGDA reacts with the
VLPs via the aza-Michael addition to afford the VLP resins
(VLP-R) (Fig. 1A). The resins consist of a viscous liquid mixture of
excess PEGDA (19.0–19.9 wt%), modified VLP-R (0.1–1.0 wt%) and
DMSO (12 wt%) in PBS buffer. We prepared three resins of VLP-R-X,
where X denotes the weight percentage of the VLP in the resin
formulation, namely, 0.1, 0.5 and 1.0 wt% (Fig. 1B).

To confirm successful VLP functionalization, the VLPs were
first ultracentrifuged (121, 139 g, 70 min, 4 1C, over a 20%
sucrose cushion) to remove excess unreacted PEGDA. VLP-R
were then characterized using native gel electrophoresis
(Fig. 1C). The un-modified PhMV VLPs (lane 1) are positively
charged,31 and therefore migrate towards the cathode (�). On
the contrary, VLP-R (lanes 2–4) migrate towards the anode (+)
due to the overall decrease in positive zeta charge as a result of
PEGDA conjugation. While PEGDA is not a charged molecule,
conjugation leads to a decreased number of primary amines on
the VLP surface and hence decreased positive charge. The
electrophoretic mobility toward the cathode is thus a function
of degree of modification, the more PEGDA is reacted the
faster the migration toward the cathode with VLP-R-0.1
(8000 equiv. per CP) 4 VLP-R-0.5 (1600 equiv. per CP) 4
VLP-R-1 (800 equiv. per CP). In that same order, we observed
an increase in molecular weight of the virus CPs as shown in
denaturing gel electrophoresis (Fig. 1D, lane 2–4), which is
consistent with increasing degrees of PEGDA functionalization
with increasing PEGDA equivalents. Moreover, a small fraction
of CP dimers (B42 kDa, 5.5% total CP) and trimers (B64 kDa,
1.5% CP) was observed for all resin formulations, which
indicates intraparticle crosslinking. Finally, size exclusion

chromatography (SEC) of the VLPs (Fig. 1E) revealed increas-
ingly lower elution volumes for VLP and the resins VLP-R-1,
0.5 and 0.1, respectively, indicating a step-wise increase in
size as a function of degree of labeling/excess used: VLP
(0 equiv. per CP) o VLP-R-1 (800 equiv. per CP) o VLP-R-0.5
(1600 equiv. per CP) o VLP-R-0.1 (8000 equiv. per CP) which
correlates larger particle size with increasing PEGDA functio-
nalization and is consistent with electrophoretic data. DLS
(Fig. 1F) further indicates that monodisperse particles with
no aggregation and hydrodynamic radii in the range of RH =
32.7–43.8 nm with moderate polydispersity index (PDI) (see
Table S1, ESI†) were formulated.

Fig. 1G shows the scheme for the fabrication of the VLP polymer
networks (VLP-PN). Lithium phenyl-2,4,6-trimethylbenzoyl phosphi-
nate (LAP) was added (1 wt%) to the aqueous resin as a photo-
initiator. A commercial DLP 3D printer was used to fabricate 3D
objects comprising the VLP-polymer networks. Because these were
aqueous-based resins, the printed constructs were water-swollen
hydrogels. Thus, the samples were dried overnight to obtain the
VLP-PN. Three VLP-polymer networks were prepared and will be
referred to as follows: VLP-PN-Y, wherein Y represents the weight
percentage of the VLP (0.5, 2.5 or 5.0 wt%) in the non-hydrated
polymer network (see Fig. S1, ESI†).

Fig. 1 (A) Scheme of the VLP resin (VLP-R) synthesis (B) VLP resin
formulations (C) native electrophoresis (D) SDS-PAGE (E) Size-exclusion
chromatography (F) DLS analysis. (G) Scheme of DLP 3D printing of the VLP
bioplastics (VLP-PN).
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Thermogravimetric analysis (TGA) was performed to study
the thermal decomposition of the bioplastics. Fig. 2A shows the
thermograms of all samples. The native PEGDA polymer net-
work (PEGDA-PN) and VLP-PN had similar profiles, with an
initial onset of mass loss at 100 1C attributed to water loss
(30 wt% and 24 wt% for PEGDA-PN and VLP-PNs, respectively)
and a second more pronounced transition at 390 1C attributed
the PEG backbone (60% wt% and 65% wt% for PEGDA PN and
VLP-PNs, respectively). The incorporation of VLPs into the
polymer networks increased the thermal stability of the VLP-PN
plastics in the range of 200–400 1C and, to a lesser extent, in the
range of 400–1000 1C (Fig. 2A, inset). This gain in thermal
stability in the VLP-PNs can be explained by the individual
contributions in the thermal profiles of the native VLPs and neat
PEGDA-PN (see Fig. S2, ESI†). Almost throughout the entire
temperature range, native VLPs are thermally more stable than
neat PEGDA-PN, and thus incorporating the VLPs into PEGDA
network results in thermal stabilization of the plastics to a certain
extent.

Next, tensile testing was conducted to assess the mechanical
properties of VLP-PN as a function of VLP incorporation
(Fig. 2B). The data shows that the incorporation of VLPs
enhances the mechanical characteristics of the PEGDA net-
work, maintaining constant elongation but increasing the
elastic modulus and toughness. Notably, VLP-PN-0.5 appears
to maintain the properties of PEGDA-PN without significant
alteration, likely due to the insufficient quantity of VLP

particles added to the resin to manifest an improvement in
mechanical properties. In contrast, both VLP-PN-2.5 and
VLP-PN-5 exhibit a notable increase in both the modulus and
ultimate strength of the material (Fig. 2B and Table 1).
Despite the lower degree of functionalization observed in the
VLP-PN-2.5 and VLP-PN-5 resins with respect to VLP-PN-0.5
resin (see Fig. 1), it is evident that this low level of functiona-
lization can enhance the toughness of the material. Complete
compositions of the formulations for the VLP resins and VLP
bioplastics can be found in Tables S2 and S3 (ESI†).

Following the material characterization, we proceeded with
the optimization of the 3D printing process. Photorheometry
was used for the initial assessment of curing times upon
exposure to 365 nm light with an intensity of 20 mW cm�2

(Fig. S3, ESI†). All samples exhibited a rapid increase in the
storage modulus upon irradiation with light, and a cross-over
point between the storage and loss moduli was observed within
1 s of light exposure. Based on these experiments, the burn-in
layer (the first printed layer attached to the build plate) was set
to 0.5 s and subsequent layers were set to 0.3 s exposure times.
To assess the resolution of printed objects, two computer-aided
designs (CAD) were used: a square structure comprising etched
lines of varying widths (1000, 500, 250, and 100 mm), and
another structure to validate resolution further and ensure
the absence of over-curing during printing, consisting of a
rectangle with a 1 mm diameter hole (2 mm deep) and a
1 mm diameter cylinder (2 mm height). The analysis of Optical
microscopy images (see Fig. 3A) revealed that all structures
achieved good resolution at 100 mm and did not exhibit signs of
over-curing during the printing process.32,33

Once the print resolution was confirmed, different objects
were printed to showcase the versatility of DLP 3D printing. As
shown in Fig. 3B, all designs were printable with a good
resolution and without overcuring.

In conclusion, we successfully demonstrated the surface of
the VLPs can be efficiently functionalized with acrylate groups
following aza-Michael addition with PEGDA crosslinker. This
process enabled the formulation of VLP resins for DLP 3D
printing of virus-polymer networks, wherein the virus enhanced
the thermal stability and mechanical properties of the material.
This method of processing customized 3D-printed virus mate-
rials opens new avenues in the fields of additive manufactur-
ing, as well tissue engineering and cancer immunotherapy,
with exquisite control over 3D form factors.

Fig. 2 (A) Thermograms of PEGDA and VLP bioplastics. PEGDA-PN refers
to the bioplastic with 0% wt VLPs and VLP-PN-0.5, VLP-PN-2.5 and VLP-
PN-5 refer to the bioplastics with VLP weight contents of 0.5, 2.5 and
5.0 wt%, respectively. (B) Stress–strain curve for VLP-PN samples (0.5–5%)
and the native PEGDA network.

Table 1 Mechanical properties for bioplastic formulation (VLP-PN-0.5,
VLP-PN-2.5 and VLP-PN-5 with VLP weight contents of 0.5, 2.5 and
5.0 wt%, respectively) and neat PEGDA-PN (0 wt% VLP). E: elastic modulus,
eu ultimate strain and U: toughness, area under the curve

Bioplastic [PhMV] (wt%) E (kPa) eu (%) U (J m�3)

PEGDA-PN 0 1.2 � 0.01 145.30 � 3.0 0.69 � 0.03
VLP-PN-0.5 0.5 1.4 � 0.10 142.84 � 2.3 0.80 � 0.02
VLP-PN-2.5 2.5 2.4 � 0.04 130.90 � 10.3 1.21 � 0.10
VLP-PN-5 5 3.8 � 0.02 108.4 � 4.6 1.07 � 0.05
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