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Human serum albumin (HSA) is widely used in medicine and biotechnology, yet its demand exceeds
plasma-derived supply. Recombinant production in microbial andmammalian systems presents cost
and sustainability limitations. This study optimized transient expression of recombinant HSA (rHSA) in
Nicotiana benthamiana and evaluated its ecological impact. The highest yield of 30 µg/g fresh weight
was achieved at 4 days post-infiltration using AgrobacteriumOD600 of 0.2 and 21-day-old seedlings.
Purified rHSA exhibited 95% purity and significantly enhanced NIH3T3 fibroblast proliferation in a
dose-dependent manner. Sustainability assessment using ComplexMoGAPI indicated moderate
solvent efficiency (0.083 L/mg) and energy consumption (6.73 kWh/mg) but identified waste
generation (9350 g/mg) and process mass intensity (10,166.67 g/mg) as major environmental
constraints.WhileN. benthamianaoffers a scalable rHSAproduction platform, improvements inwaste
valorization and solvent recovery are needed to enhance environmental performance. This study
advances plant-based biomanufacturing as a sustainable strategy for biopharmaceutical production.

Human serum albumin (HSA) is an essential plasma protein with wide-
spread applications in medicine and biotechnology. It functions as a sta-
bilizer in vaccine formulations, a therapeutic agent in conditions such as
severe burns and hemorrhagic shock, and a vital supplement in serum-free
cell culture media1. The global demand for HSA exceeds 500 metric tons
annually, largely fulfilled through plasma fractionation. However, this
method is constrained by limited donor availability, high production costs,
and potential biosafety risks associated with blood-borne pathogens2. To
address these limitations, alternative recombinant expression platforms
includingmicrobial, yeast, andmammalian cell cultures have beenexplored.
Yet, each presents inherent challenges: Escherichia coli lacks post-
translational modifications (PTMs) machinery critical for protein
activity3, while yeast and mammalian systems require complex culture
conditions, bioreactor infrastructure, and long production cycles, drivingup
costs and complexity4–6. These challenges underscore the pressing need for

more scalable, cost-effective, and sustainable production systems for
biopharmaceuticals.

Plant molecular farming has emerged as a versatile and increasingly
validated platform for recombinant protein production. It offers several
advantages, including lower production costs, rapid scalability, intrinsic
biosafety, and the capacity for PTMs6,7. Among transient expression sys-
tems, Nicotiana benthamiana has become a workhorse due to its suscept-
ibility to Agrobacterium tumefaciens-mediated transformation and its
amenability to scalable agroinfiltration techniques8–10. Transient expression
enables high-level protein production within days, without requiring stable
transformation or tissue culture. Previous efforts have demonstrated the
feasibility of expressing recombinant HSA (rHSA) in plants4,11,12, but few
studies have systematically optimized expression parameters or assessed
protein functionality alongside environmental sustainability, leaving critical
gaps in process development for plant-based rHSA production.
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In addition to production efficiency, sustainability and regulatory
compliance are key considerations in biomanufacturing. Plasma-derived
and mammalian cell-based HSA productions involve significant water,
energy, and chemical inputs, contributing to high environmental
footprints13,14. Even microbial systems require energy-intensive fermenta-
tion and generate considerable downstream waste15. While plant-based
systems are often considered greener alternatives, quantitative assessments
of their environmental performance remain scarce. Sustainability metrics
such as solvent efficiency, energy consumption, waste-to-product ratio
(WPR), process mass intensity (PMI), the Green Analytical Procedure
Index (GAPI), and its extension, the Complex Modified GAPI (Complex-
MoGAPI), provide structured frameworks for evaluating solvent usage,
reagent toxicity, energy demands, and waste generation throughout both
production and analytical workflows16,17. Applying these tools to plant-
based recombinant protein production can yield critical insights to guide
both process improvement and environmental benchmarking.

This study aims to optimize the transient expression of rHSA in N.
benthamiana by systematically evaluating agroinfiltration parameters,
including days after infiltration, bacterial optical densities, and plant age, to
maximize protein yield. The biological functionality of purified protein is
validated using NIH3T3 fibroblast proliferation assays, and a comprehen-
sive sustainability assessment evaluation is conducted using the Complex-
MoGAPI flamework. Matrices including solvent use, energy consumption,
and waste-to-product ratio are quantified to identify key environmental
challenges and opportunities. By integrating biotechnological and sustain-
ability perspectives, this study contributes to the growing body of work
advancing plant molecular farming as a commercially viable and envir-
onmentally responsible solution for producing essential recombinant pro-
teins such as HSA. Importantly, the findings also support the future
regulatory potential of plant-derived biotherapeutics by demonstrating
product integrity, functional equivalence, and a lower ecological impact—
key criteria in emerging biosafety and sustainability guidelines18,19.

Results
Optimization of rHSA expression efficiency in N. benthamiana
In the present study, specific infiltration parameters were systematically
assessed to identify optimal conditions that enhance rHSA protein yield in
N. benthamiana. The pBYR2e geminiviral vector and Agrobacterium
tumefaciens strain GV3101 were used for transient expression in planta.

Effect of days post-infiltration (dpi) on rHSA accumulation
To determine the optimal harvest time for rHSA production, leaves were
collected at 2, 4, 6, 8, and 10 dpi, and protein expression levels were quan-
tified usingWestern blot densitometry (Fig. 1A and Supplementary Fig. S1).
The results revealed a time-dependent increase in rHSA accumulation,
reaching a peak at 4 dpi. Expression levels remained relatively high at 6 dpi
but declined significantly after 8 dpi (p < 0.05) (Supplementary Table S1).

The observed reduction in expression beyond 4 dpi is likely due to
protein degradation, transient gene silencing, or plant immune responses,
which are common challenges in agroinfiltration-based expression systems.
Previous studies have reported that silencing mechanisms such as post-
transcriptional gene silencing can lead to decreased transgene expression at
later time points9. These findings suggest that harvesting leaves at 4–6 dpi is
optimal for maximizing rHSA yield before significant degradation occurs.

Effect of Agrobacterium optical density (OD600) on
expression levels
To optimize bacterial concentration during infiltration, Agrobacterium
tumefaciens harboring the pBYR2e-rHSA-His vector was resuspended in
infiltration buffer to OD600 values of 0.2, 0.4, 0.6, and 0.8, and leaves were
harvested at 4 dpi for analysis. Western blot quantification (Fig. 1B and
Supplementary Fig. S2) indicated no significant difference in rHSA
expression across OD600 values ranging from 0.2 to 0.8 (p > 0.05), as also
summarized in Supplementary Table S2. However, leaves infiltrated with
OD600 = 0.2 showed slightly higher expression levels, while higher OD600

values (0.6 and 0.8) resulted in localized necrosis on leaf surfaces.
This lack of a clear dose-dependent increase suggests that higher

Agrobacterium concentrations do not necessarily enhance transient
expression efficiency and may instead increase stress responses and leaf
damage, which can negatively affect protein production. Similar findings
have been reported in previous transient expression studies, where excessive
bacterial concentrations triggered reactive oxygen species production,
leading to localized cell death20. Based on these results, an OD600 of 0.2 was
selectedas the optimal concentration for subsequent experiments to balance
expression efficiency and plant health.

Influence of plant age on transient expression efficiency
To assess the impact of plant developmental stage on rHSA expression, N.
benthamiana plants were agroinfiltrated at 21, 28, and 35 days post-
germination (dpg), and protein accumulation was measured at 4 dpi. The
results showed that rHSA expression level was highest in 21-day-old plants
(Fig. 1C and Supplementary Fig. S3). Meanwhile expression in 28-day-old
plants was moderately lower, and 35-day-old plants showed a significant
decline in expression (p < 0.05), as summarized in Supplementary Table S3.

The reduction in expression in older plants may be attributed to
changes in leaf physiology, cuticle thickening, and a decrease in metabolic
activity, which could reduce the efficiency ofAgrobacterium-mediated gene
delivery. Younger leaves generally have higher transcriptional activity and
greater susceptibility to bacterial infiltration, facilitating higher transgene
expression21. These results are consistent with previous findings, where
younger leaves supported higher protein yields due to enhanced perme-
ability and reduced lignification22.

Based on these findings, 21-day-old plants at 4 dpi and anOD600 of 0.2
were determined to be the optimal conditions for transient rHSAexpression

Fig. 1 | Optimization of rHSA expression in N. benthamiana. A Western blot
analysis of rHSA accumulation at 2, 4-, 6-, 8-, and 10-dpi. BWestern blot analysis of
rHSA expression at different Agrobacterium OD600 values (0.2, 0.4, 0.6, and 0.8).
CWestern blot analysis of rHSA expression in plants of different ages (21-, 28-, and

35-dpg). Data were analyzed using ImageJ for densitometric quantification. Data are
presented as mean ± SD (n = 3). Statistical significance was determined using one-
way ANOVA (p < 0.05).
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in N. benthamiana. Quantification using Bradford protein assay yielded
30mg of rHSA per kg of fresh leaf weight. These optimized parameters
maximize protein yield while maintaining plant health, supporting the
feasibility of using transient expression systems for sustainable recombinant
protein production.

Purification and characterization of plant-derived rHSA. To ensure
the production of high-quality rHSA, the purity, protein integrity, and
structural confirmation were assessed using Ni-NTA affinity chroma-
tography, SDS-PAGE, Western blot, and LC-MS analysis.

Purification using Ni-NTA affinity chromatography
Purification of plant-expressed rHSAwas carried out usingNi-NTAaffinity
chromatography, which selectively binds the C-terminal His-tag incorpo-
rated into the recombinant protein. The purity ofHSAwas compared to the
total protein crude extract and quantified using Image J program. Relative
band intensity indicated an overall purity of 95.6%, as summarized in
Supplementary Table S4. These results demonstrate that Ni-NTA chro-
matography is an effective purification method for plant-derived rHSA,
facilitating high recovery with minimal impurities.

SDS-PAGEandWesternblot analysis of rHSApurity and integrity
The purified rHSA was analyzed using SDS-PAGE under reducing condi-
tions, followedbyWesternblotting to assess protein integrity. Figure 2Aand
Supplementary Fig. S4 show a distinct band at approximately 70 kDa
against protein standard, corresponding to the expectedmolecularweight of
monomeric HSA. Densitometric analysis confirmed an rHSA purity of
95.6%, with minimal contamination from plant-derived host proteins.

Western blotting using an anti-His antibody confirmed the identity of
the recombinant protein (Fig. 2B and Supplementary Fig. S5). Minor
degradation bands were observed at lower molecular weights, likely repre-
senting partial proteolysis products or truncated forms of rHSA. These
degradation bandsmay be due to residual plant protease activity, which has
been reported in transient expression systems23. The inclusion of protease
inhibitors or optimized harvesting conditions may help mitigate protein
degradation and further improve yield consistency.

Intact mass and peptide mapping analysis by LC-MS
The purified rHSA was analyzed using reverse-phase liquid chromato-
graphy (RP-LC) coupledwithhigh-resolutionmass spectrometry (HR-MS).

The LC separation was performed on an Agilent PLRP-S column with
gradient elution from75%aqueous (0.1% formic acid) to 90%organic (0.1%
formic acid in acetonitrile) over six minutes. The total ion chromatogram
showed a single major peak, corresponding to intact rHSA (Fig. 3A). The
deconvoluted mass spectrum confirmed a molecular weight of ~69.07 kDa,
which aligns with the calculated mass of full-length HSA (Fig. 3B). No
significant truncations ormodificationsweredetected, indicating that plant-
derived rHSA maintains its expected structure without substantial degra-
dation or unexpected PTMs.

Fig. 2 | Purification of HSA from Nicotiana benthamiana using Ni-NTA affinity
chromatography. A SDS-PAGE analysis of crude extract and purified HSA,
showing a single band for purified HSA at approximately 70 kDa. B Western blot
analysis confirmed a band at approximately 70 kDa in both the crude extract and
purified HSA, consistent with the SDS-PAGE results. The blot was probed with a
1:5,000 dilution of anti-His antibody. C: crude extract; P: purified HSA.

Fig. 3 | Characterization of plant-produced HSA using LC/MS. A Reverse-phase
liquid chromatography chromatogram during intact mass analysis. B Intact mass
analysis chromatogram of purified HSA showing a single peak indicating the exact
mass of the purified plant-produced HSA. C Peptide mapping analysis of purified
plant-produced HSA, displaying 93.25% sequence coverage compared to the Uni-
Prot HSA sequence (P02768; ALBU_HUMAN).
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Peptide mapping analysis was conducted to further confirm the pri-
mary sequence of plant-derived rHSA. The purified protein was enzyma-
tically digested using trypsin, followed by LC-MS analysis of the resulting
peptides. Sequence coverage analysis revealed that 93.25% of the expected
peptide fragmentswere detected (Fig. 3C), confirming that the recombinant
protein was correctly synthesized and processed. A comparison of the
detected peptide fragments with the theoretical HSA sequence showed no
significant differences, confirming that the plant-expressed rHSAmaintains
structural fidelity to native HSA.

Cell proliferation activity. The biological activity of plant-derived HSA
was evaluated using the NIH3T3mouse fibroblast cell proliferation assay
(Fig. 4). At 24 h, there was no significant difference in cell proliferation
between HSA-treated and untreated cells across all concentrations.
However, by 48 h, a significant increase in cell proliferation was observed
in cells treated with 10 μg/mL rHSA compared to non-treated controls
(p < 0.001) (Supplementary Table S5). This trend continued at 72 h,
where cells treated with 0.1 and 1 μg/mL rHSA showed a statistically
significant increase in proliferation compared to untreated
cells (p < 0.001).

The results demonstrate a dose- and time-dependent effect of plant-
derived HSA on fibroblast proliferation. Notably, while higher concentra-
tions (10 μg/mL) induced earlier cell growth at 48 h, lower concentrations
(0.1 and 1 μg/mL) showed delayed but significant effects by 72 h, suggesting
a potential cumulative or delayed response to rHSA treatment. These
findings confirm that plant-derived rHSA retains its biological functionality
and supports fibroblast proliferation, comparable to its native human
counterpart.

Sustainability assessment of plant-based rHSA production. To
evaluate the environmental impact of plant-derived rHSA production, a
sustainability assessment was performed by analyzing solvent efficiency,
energy consumption, waste-to-product ratio (WPR), process mass
intensity (PMI), and the GAPI using the ComplexMoGAPI framework.

These parameters provided quantitative insights into the resource effi-
ciency and environmental footprint of the process (Table 1).

Solvent efficiency and energy consumption analysis
The solvent efficiency of the plant-based rHSA production process was
evaluated based on the total solvent usage in protein extraction, purification,
and buffer exchange steps.N. benthamiana extraction was performed using
an extraction buffer ratio of 1:2 (w/v), requiring 20 L of solvent per 10 kg
of fresh leaves, with an additional 5 L of solvent utilized during the
purification process. Applying Eq. (1), the solvent efficiency was calculated
to be 0.083 L/mg. This value reflects the total solvent required per mg of
purified rHSA. Compared to conventional biopharmaceutical production
platforms, solvent demand in the plant-based system was lower due to the
absence of cell culture media and serum supplements, reducing the overall
environmental footprint.

The energy consumption for rHSA production was assessed by mea-
suring the total electricity usage across the entire workflow, from plant
cultivation to final purification. A total of 2020 kWh was required to cul-
tivate plants yielding 10 kg of fresh biomass over a three-week period,
including all associated laboratory activities. Using Eq. (2), the specific
energy consumption was determined to be 6.73 kWh/mg, highlighting the
energy-intensive nature of the process.

Waste-to-Product and Process Mass Intensity
The WPR quantifies the total waste generated per unit of purified rHSA,
encompassing biomass residue, liquid waste, and solid waste. To obtain
10 kg of fresh Nicotiana benthamiana leaves, the total waste output was
2805 kg, comprising 5 kg of spent biomass, 2700 kg of liquid waste, and
100 kg of solid waste. Using Eq. (3), the WPR was calculated as 9350 g/mg,
reflecting the substantial material input associated with plant-based rHSA
production.

Approximately 80% of the total waste was derived from spent plant
biomass, which presents an opportunity for valorization strategies such as
biofuel production, composting, or extraction of secondary metabolites.
Additionally, process optimizations aimed at reducing chromatography
buffer consumption and implementing liquid waste recycling could further
enhance the sustainability of the production system.

The PMI provides a measure of the total material input relative to the
purified rHSA yield. The cumulative material input for rHSA production
was 3050 kg, consisting of 3000 kg of water, 25 kg of solvents, and 15 kg of
chemicals. Applying Eq. (4), PMI was calculated as 10,166.67 g/mg, indi-
cating the overall resource demand per unit of purified protein.

While the PMI of plant-based rHSA production is higher than that of
microbial fermentation systems, the platform offers key advantages,
including a lower reliance on costly culture media and bioreactors. Further
improvements, such as water recirculation systems, solvent recovery, and
process streamlining, could enhance the material efficiency and cost-
effectiveness of N. benthamiana-derived recombinant protein production.

Green analytical procedure assessment. The ComplexMoGAPI
evaluation provided a detailed sustainability assessment of the analytical
procedures used in rHSA characterization, focusing on pre-analysis and
analytical stages. The pre-analysis stage, which included extraction and
purification, required the processing of 10 kg of infiltrated N. ben-
thamiana leaves in imidazole-based extraction buffer, classified as

Fig. 4 | NIH3T3 fibroblast cell proliferation in response to purified plant-derived
rHSA treatment at 0.1, 1, and 10 µg/mL. Cell viability was assessed at 24, 48, and
72 h using the MTT assay. Data are presented as mean ± SD (n = 3). Statistical
significance was determined using one-way ANOVA (p < 0.001) by comparing
treatment groups to non-treated cells.

Table 1 | Summary of sustainable metrics evaluated for N. benthamiana-derived rHSA production

Sustainable Metric Value Unit Description

Solvent efficiency 0.083 L/mg Volume of solvent used per mg of purified rHSA

Energy consumption 6.73 kWh/mg Energy required per mg of purified rHSA

Waste-to-Product Ratio 9,350 g/mg Mass of waste generated per mg of purified rHSA

Process Mass Intensity 10,166.67 g/mg Total mass of materials used per mg of purified rHSA
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moderately hazardous with an NFPA health rating of 2 (imidazole). The
purification process, involving centrifugation, multiple filtration steps,
and Ni-NTA affinity chromatography, was categorized as a semi-
advanced process in green chemistry evaluations. The estimated energy
consumption per sample was above 1.5 kWh, with refrigerated cen-
trifugation being the most energy-intensive step. The final rHSA yield
was 30 μg/g fresh leaf weight, translating to an overall yield of 0.003%,
with a purity of 95%.

In the analytical stage, the LC-MS-based intact mass and peptide
mapping analyses were identified as the most resource-intensive proce-
dures. Sample collection was performed off-line, and no specific preserva-
tion measures were applied before processing. The total solvent usage for
sample preparation and LC-MS analysis exceeded 100mL, with formic acid
and acetonitrile identified as key hazardous reagents. Formic acid had an
NFPA health hazard rating of 324, while acetonitrile, classified as the most
flammable solvent used, had an NFPA flammability rating of 325. Despite
these solvent hazards, the estimated energy consumptionper sample for LC-
MS analysis remained low, at less than 0.1 kWh.However, waste generation
from mobile phase elution reached approximately 5mL per injection,
necessitating proper hazardous waste management through outsourced
treatment services.

The ComplexMoGAPI assessment of the environmental sustainability
of the analytical procedure is presented in Fig. 5. This analysis identifies
areas where the procedure meets green chemistry principles and highlights
steps where improvements can enhance overall sustainability. The Com-
plexMoGAPI evaluation identified waste generation and hazardous solvent
use as the major environmental concerns in the analytical workflow. These
findings suggest that further improvements, such as reducing solvent
dependency, implementing solvent recovery strategies, andutilizing energy-
efficient purificationmethods, could significantly enhance the sustainability
of plant-based rHSA production.

Discussion
The increasing global demand for HSA in medical and pharmaceutical
applications necessitates the development of alternative, sustainable pro-
duction platforms beyond plasma-derived sources2,26. In this study, the
transient expressionof rHSA inN.benthamianawas successfully optimized.
The highest expression level was achieved under the conditions of 4 dpi, an

Agrobacterium OD600 of 0.2, and 21-day-old plants. Western blot analysis
confirmed that the plant-produced rHSA appeared as a single band
( ~ 70 kDa) with 95.6% purity, comparable to bacterially expressed HSA.
These findings suggest that N. benthamiana serves as an efficient, scalable
expression host capable of producing structurally intact rHSAwithminimal
purification steps27,28. Functional validation using NIH3T3 fibroblast cells
further demonstrated that plant-derived rHSA retains biological activity.
The observed dose-dependent stimulation of cell proliferation supports its
biocompatibility and functional equivalence to plasma-derived HSA4,29.
Nevertheless, it should be noted that previous studies have reported that
HSA does not consistently promote cell growth across all cell types30. Here,
NIH3T3 cells were used as a model for preliminary functional validation.
Future work should thus include additional cell lines with higher sensitivity
to growth factors, aswell as broader dose ranges and complementary assays,
to ensure a more comprehensive assessment of the biological activity of
plant-derived rHSA.

The Agrobacterium tumefaciens strain GV3101 was selected based on
prior reports showing superior expression efficiency compared to other
strains such as EHA105 and LBA440431,32. Optimization of agroinfiltration
parameters revealed that younger plants (21 days old) supported the highest
rHSA accumulation, consistent with previous findings that immature leaf
tissues enhance gene transfer efficiency and protein synthesis21. An Agro-
bacterium OD600 of 0.2 was found to provide the optimal balance between
protein yield and phytotoxicity, as increasing the OD600 beyond this
threshold did not lead to further improvements. Expression levels declined
at both lower and higher OD values, corroborating results reported by our
group and others9,33,34. On the other hand, delaying harvest beyond 4 dpi
resulted in reduced expression, prospectively due to protein degradation
and senescence35. These findings emphasize the importance of carefully
defining protein-specific expression kinetics to maximize yield in transient
systems9. Despite optimization, the rHSA yield achieved (30 μg/g leaf fresh
weight) remains lower than the yields reported fromstableplatforms such as
transgenic rice seeds (2.75 g/kg) and microbial systems like E. coli
(18.92mg/L)4,36. However, our yield is comparable to previous transient
expression studies in N. benthamiana, such as Sijmons et al. (11–36 μg/g)11

and Fernandez-San Millan et al. (20 μg/g via chloroplast transformation)37.
Our approach offers advantages such as shorter production timeline (four
days) and simplified downstreamprocessing, althoughoverall yields remain
within a similar range. These results suggest that fundamental biological
limitations of leaf-based transient expression may restrict further yield
improvements without adopting alternative strategies such as vector rede-
sign, subcellular targeting, or metabolic engineering. Compared to seed-
based systems, leaf-based expression platforms are inherently limited by
lower protein storage capacity, higher levels of protease activity, and a
shorter window for protein accumulation38,39. In this study, we attempted to
minimize proteolytic degradation by maintaining harvested leaves at tem-
peratures below 4 °C, a condition known to reduce protease activity39. To
further improve rHSA yield and stability, future work could explore stra-
tegies targeting the protein to storage organelles, co-expressing protease
inhibitors, or using gene silencing to suppress endogenous proteases.
Additionally, we recognize the possibility for His-tag cleavage by plant
proteases, which may have contributed to reduced purification efficiency.
Although not confirmed in the present study, we plan to analyze the flow-
through fractions using rHSA-specific antibodies or mass spectrometry to
assess the presence of tag-free rHSA and better understand potential yield
losses due to proteolytic tag removal.

Critically, this study not only evaluates the environmental sustain-
ability of plant-based rHSA production but also includes the analytical
procedures, an often overlooked yet essential component of biomanu-
facturing. By accounting for thematerial, energy, andwaste contributions of
these workflows, we offer a more realistic evaluation of the true environ-
mental footprint across the full production lifecycle. Quantified sustain-
ability metrics, including solvent efficiency (0.083 L/mg), energy
consumption (6.73 kWh/mg), waste-to-product ratio (9350 g/mg), and
process mass intensity (10,166.67 g/mg), reveal major environmental

Fig. 5 | ComplexMoGAPI assessment of the analytical procedure used for plant-
derived rHSA production. The pictogram provides a visual summary of sustain-
ability performance across different stages of the analytical process. Color-coded
symbols indicate the environmental impact of each step: green (low impact), yellow
(moderate impact), and red (high impact). The five pentagons represent sustain-
ability parameters related to sample preparation and instrumental analysis, while the
hexagon corresponds to pre-analytical factors.
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hotspots, particularly related to solvent use, energy input, and waste gen-
eration. While plant molecular farming offers benefits such as lower
infrastructure costs and biosafety compared to mammalian and microbial
platforms, challenges related to solvent consumption, energy input, and
waste management remain7. Process innovations such as solvent recovery,
enzyme-assisted extraction, and valorization of residual biomass could help
address the environmental and economic performance of the process40.

To contextualize our findings, we estimated the sustainability metrics
for bacterial- and yeast-based rHSA production using data from literature.
For bacterial expression, it was assumed that 1 kg of biomass requires 10.96
kWh of electricity and 2.41 kg of raw material input, generating approxi-
mately 0.11 kg of waste41. Based on prior yields, 1 kg of E. coli biomass was
estimated to produce 600mg of HSA with a downstream recovery of
60%10,41.Under these assumptions, the energy consumption,PMI, andWPR
for bacterial-derived rHSA were calculated to be 3.04 × 10-5 kWh/mg HSA,
6.69 × 10-3 g/mg HSA, and 3.06 × 10-4 g/mg HSA, respectively. By contrast,
yeast-based rHSA production (Pichia pastoris) indicated a product yield of
90 ng/mg total protein (0.01%)42,43. The totalmass inputwas 34,742.8 kg per
125 kg of protein, primarily comprising 34,678 kg of water and 64.8 kg of
chemicals. This primarily consists of 34,678 kg of water and 64.8 kg of
chemicals used for medium preparation. Energy consumption was esti-
mated at 7.176 × 10-2 kWh/mg, with downstream waste generation of
8000 kg. These figures translated to a PMI of 2.8 × 10³ g/mg and WPR of
6.4 × 10² g/mg for yeast-derived rHSA. While useful for benchmarking,
these estimates rely on assumptions and indirect literature values. While
these estimates offer useful benchmarks, they rely on indirect assumptions,
highlighting the need for future validation using standardized large-scale
datasets.

Despite the relatively high PMI and WPR values observed for plant-
based rHSA, theplatformretains notable sustainability advantages for large-
scale deployment. In contrast to microbial and mammalian platforms,
which require costly stainless-steel bioreactors and validated clean-in-place
systems, plant systems function as single-use bioreactors, reducing capital
expenditures and simplifying operations44. Additionally, plant-based
expression eliminates the risk of cross-contamination, a common know
challenge in multi-use fermenters7. Moreover, the environmental footprint
of plant biomass disposal is significantly lower. Unlike bacterial platforms
that may generate hazardous waste such as endotoxins, plant biomass is
biodegradable and generally biosafe. Residual biomass can be managed as
agricultural waste or repurposed for biofuel production, composting, or
metabolite extraction, adding circular value to the process40,45. Given that
recombinant proteins often account for less than 1% of total plant biomass,
valorizing the remaining material is essential for improving the overall
process sustainability and aligning with circular bioeconomy goals46–49.

Transient expression systems inN. benthamiana, while highly flexible
and rapid, can introduce additional environmental burdens due to the need
of Agrobacterium cultivation and the agroinfiltration process itself 8. In
contrast, stable plant-based platforms may offer greater sustainability
potential by eliminating these repetitive bacterial cultivation steps; however,
they are often constrained by more complex regulatory requirements,
longer development times, and the potential of transgene silencing over

time50,51. Future research should systematically compare the environmental
impacts of transient and stable systems to better guide platform selection
and process optimization strategies for plant-based manufacturing.

From a regulatory perspective, ensuring the safety and consistency of
plant-produced rHSA is paramount. While peptide mapping confirmed
93.25% sequence coverage, PTMs such as glycosylation was not fully
characterized in this study. Since plant-specific glycans can differ immu-
nogenically fromhuman glycans,mass spectrometry-based glycan profiling
is recommended to support regulatory approval14,52,53. Similarly, although
Ni-NTA affinity purification achieved high purity (95%), additional pol-
ishing steps, such as size-exclusion or ion-exchange chromatography, may
be required to meet clinical-grade standards54,55.

Moving forward, several molecular and bioprocess engineering stra-
tegies could further enhance plant-based rHSA production. These include
optimizing expression vectors with stronger promoters or replicons,
applyingmetabolic modifications to reduce protease activity, co-infiltrating
protease inhibitors, and deploying automated agroinfiltration platforms for
large-scale production56,57. In parallel, cost modeling studies, in-depth
functional assays against plasma-derived HSA, and early engagement with
regulatory frameworks will be critical to advancing plant-produced rHSA
toward clinical translation and industrial adoption.

In conlusion, this study demonstrates the potential ofN. benthamiana
as a scalable and sustainable platform for the transient expression of rHSA.
Under optimized agroinfiltration conditions, a maximum yield of 30 μg/g
FW was achieved, and functional assays confirmed that the plant-derived
rHSA retains biological activity, supporting its use as an alternative to
plasma- or microbe-derived HSA. In addition to process optimization, this
work presents one of the first comprehensive environmental sustainability
assessments of plant-based rHSA production using the ComplexMoGAPI
framework. Keymetrices including solvent efficiency, energy consumption,
and waste generation highlight both the strengths and the challenges of
molecular farming in meeting green biomanufacturing goals. While plant-
based systems offer advantages such as reduced infrastructure demands and
safer waste profiles, further innovations in biomass valorization, energy-
efficient processing, and downstream purification will be essential to
improve overall sustainability. This study reinforces the promise of plant
molecular farming as a cost-effective, environmentally responsible strategy
for recombinant protein production. By integrating biotechnological
advancement with structured sustainability evaluation, plant expression
systems can contribute meaningfully to the future of greener, scalable bio-
pharmaceutical manufacturing.

Methods
Vector construction and transformation
The nucleotide sequence of the rHSA coding region (GenBank accession
number: AAA98797.1) was codon-optimized for expression in N. ben-
thamiana. A polyhistidine (His) tag was fused at the C-terminus using an
IEGRMD linker to facilitate purification. The gene was synthesized com-
mercially (Genewiz, China) and cloned into the pBYR2e geminiviral vector
between theXbaI and SacI restriction sites58. This vector contains regulatory
elements, including the Cauliflower Mosaic Virus (CaMV) 35S promoter,

Fig. 6 | Schematic within left and right border of
T-DNA located in Germiniviral plant expression
vector pBYR2e fused with HSA gene. The Pin II 3’;
sequence derived from potato proteinase inhibitor
II, P19; RNA silencing suppressor, the Cauliflower
Mosaic Virus (CaMV) 35 s promoter, P35s; the
CaMV enhancer, P35s×2; the tobacco extension
gene region, Ext3’ FL, 3’; the tobacco RB7 promoter,
Rb7 5’ del; the Bean Yellow Dwarf Virus (BeYDV)
short intergenic region, SIR; the BeYDV long
intergenic region, LIR; and the BeYDV replication
initiation proteins, Rep and RepA, along
with C2/C1.
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BeYDV replication elements, and the RB7 matrix attachment region,
designed to enhance transient gene expression. Additionally, the RNA
silencing suppressor gene P19 was also incorporated to reduce post-
transcriptional gene silencing and improve recombinant protein yield59

(Fig. 6).
For bacterial transformation, the pBYR2e-rHSA-His construct was

introduced into E. coli DH10B via heat shock. Colonies were screened by
PCR, and positive clones were cultured in LB medium containing 50mg/L
kanamycin at 37 °C with shaking (250 rpm). Plasmids were extracted using
the DNA-spin Plasmid Purification Kit (iNtRON Biotechnology, Korea),
verified by restriction digestion and sequencing, and subsequently trans-
formed into Agrobacterium tumefaciens strain GV3101 using electropora-
tion (MicroPulser, Bio-Rad, USA).

Positive Agrobacterium clones were selected on LB agar plates sup-
plemented with kanamycin (50mg/L), gentamicin (25mg/L), and rifam-
picin (50mg/L), and verified via colony PCR (Supplementary Fig. S6).
Confirmedcloneswere grown inLBbrothwith the sameantibioticsat 28 °C,
250 rpm overnight. Cultures were pelleted (14,000 rpm, 5min, 4 °C),
washed, and resuspended in infiltration buffer (10mM MES, 10mM
MgSO4, pH 5.5) to a final optical density at 600 nm (OD600) of 0.2 for
agroinfiltration.

Plant-based transformation and optimization
N. benthamiana seeds were obtained from Dr. Supaart Sirikantaramas
(Faculty of Science, Chulalongkorn University, Thailand). Plants were cul-
tivated in growth chambers at 22–25 °C under a 16 h light/8 h dark pho-
toperiod and were used at 21, 25, and 35 dpg to assess age-related expression
variability. Agrobacterium cultures harboring pBYR2e-rHSA-His were
grown overnight, pelleted (4000 × g, 10min, 4 °C), washed, and resuspended
in infiltration buffer to final OD600 values of 0.2, 0.4, 0.6, and 0.8. Agroin-
filtration was performed using syringe infiltration (into the abaxial leaf
surface) and vacuum infiltration (submerging whole plants under −50 kPa
for 2min, followed by 5min recovery). Leaves were harvested at 2, 4, 6, 8,
and 10 dpi. Expression levels were quantified by Western blot densitometry,
and optimum conditions were selected for further experiments.

Protein extraction and purification
Infiltrated leaveswere homogenized in extraction buffer (10mM imidazole,
20mM Tris-HCl pH 7.4, 50mMNaCl) at a 1:2 (w/v) ratio (1 g fresh tissue
per 2mL buffer). Homogenates were centrifuged (14000 × g, 50min, 4 °C)
and filtered through filter cloth followed by 0.45 μm paper filters (Merck,
USA). Clarified extractswere loaded ontoNi-NTA resin (CatNo.17531802,
Cytiva,USA). pre-equilibratedwith10mMimidazole buffer.Columnswere
washed with 10–30mM imidazole and rHSA was eluted with 250mM
imidazole in 20mM Tris-HCl, 50mMNaCl, pH 7.4. Eluates were desalted
into PBS by dialysis. Protein purity was assessed via SDS-PAGE and Wes-
tern blot, using rabbit anti-His antibody (1:5000 dilution; Southern Biotech,
USA) and HRP-conjugated secondary antibody. Densitometry was per-
formed using ImageJ software Version 1.54p60. To evaluate the yield of
plant-produced rHSA, the fresh weight of harvested leaves was recorded
prior to protein extraction and purification. The purified HSA was quan-
tified using theBradford protein assay,with bovine serumalbumin (BSA) as
a standard. Briefly, purified HSA sample was mixed with Bradford reagent,
and absorbance was measured at 595 nm. The rHSA concentration was
determined from theBSAstandard curve. The total amount of purifiedHSA
(μg) was calculated by multiplying the measured concentration by the total
elutionvolume. Finally, the expressionyieldwas expressed asmicrogramsof
purified HSA per gram of initial fresh leaf weight, as shown in Eq. (1).

Intact mass and peptide mapping analyses
To further characterize plant-derived rHSA, the purified protein was ana-
lyzed using liquid chromatography-mass spectrometry (LC-MS) on an
Agilent 1290 Infinity II LC system coupledwith anAgilent 6545XTQ-TOF
mass spectrometer. The protein was desalted using Bio-Gel P6 Micro Bio-
Spin columns (Bio-Rad, USA) and exchanged into ammoniumbicarbonate
buffer before injection. For intact mass analysis, 3 μL of desalted rHSA was
loaded onto anAgilent PLRP-S column (1000 Å, 2.1 × 50mm, 5 μm), and a
gradient elution system was applied with 0.1% (v/v) formic acid in water
(mobile phase A) and 0.1% (v/v) formic acid in acetonitrile (mobile
phase B). The gradient gradually increased %B to 90% over six minutes to
achieve optimal separation.Mass spectrawere acquired inpositive ionmode
across an m/z range of 400–3200, with key ionization parameters listed in
Supplementary Table S6.

For peptide mapping, the purified protein was reduced with 10mM
dithiothreitol (30min, 65 °C), alkylated with 25mM iodoacetamide
(20min, room temperature in the dark), and digested with trypsin (0.5 μg
per sample).Digestionwas stoppedwith 10% formic acid, and sampleswere
centrifuged (14000 rpm, 10min). The supernatantwas analyzedviaLC-MS,
and sequence coverage was determined using BioConfirm Software
version 12.0.

Cell proliferation assay
The NIH3T3 fibroblast cell line was provided by Assoc. Prof. Jittima
Luckanagul (Faculty of Pharmaceutical Sciences, Chulalongkorn Uni-
versity, Bangkok, Thailand). Cells were maintained in Dulbecco’s Modified
EagleMedium (DMEM) supplemented with 10% fetal bovine serum (FBS),
1% L-glutamine, and 1% penicillin-streptomycin under 5% CO2 at 37 °C.

For proliferation assays, cells were seeded at 3000 cells/well in 96-well
plates and serum-starved for 18 h before treatment. Plant-produced rHSA
was added at 0.1, 1, and 10 μg/mL, and cell viability was assessed using the
MTT assay at 24, 48, and 72 h. Absorbance was measured at 570 nm (for-
mazan) and 690 nm (background). Statistical significance was analyzed
using one-way ANOVA for comparisons across treatment groups and two-
way ANOVA for time-dependent effects (GraphPad Prism 9.0, USA). A
p-value < 0.05 was considered statistically significant (Supplementary
Table S5).

Sustainability metrics
The environmental sustainability of rHSA production was assessed using
ComplexMoGAPI to quantify the process’s resource efficiency and envir-
onmental impact. This method integrates green chemistry principles with
biopharmaceutical production metrics, evaluating solvent use, energy
consumption, waste generation, and mass intensity. Sustainability assess-
ments were conducted following established methodologies16,17, with all
measurements recorded from laboratory-scale experiments.

Solvent efficiency. Solvent efficiency was determined by calculating the
total volume of solvents (aqueous and organic) used per mg of purified
rHSA (L/mg rHSA) (See Eq. 2). This included solvents used in protein
extraction, affinity purification, and buffer exchange steps. Lower solvent
consumption per unit of purified protein indicates a more sustainable
and efficient process. Solvent usage data were recorded throughout
purification, and waste minimization strategies, such as solvent recycling
and buffer optimization, were considered.

Solvent Efficiency ¼ Total Volume of Solvent UsedðLÞ
Yield of Purified HSAðmgÞ ð2Þ

Yield of rHSA ¼ Final concentration of purified HSA μg=mL
� �

×Total volume of purified HSAðmLÞ
Total leafs fresh weightðgramÞ ð1Þ
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Energy consumption. Total energy consumption was measured as the
cumulative energy input (kWh) required for rHSA production, nor-
malized per mg of purified protein (kWh/mg rHSA) (see Eq. 3). The
calculation included energy consumption from plant cultivation (growth
chamber lighting, ventilation, and climate control), bacterial culture
incubation, vacuum infiltration, centrifugation, chromatography, and
lyophilization. Energy consumption data were recorded using laboratory
power meters and manufacturer specifications for equipment power
ratings to ensure accurate quantification.

Energy Consumption kWh=mg
� � ¼ Total Energy UsedðkWhÞ

Yield of Purified HSAðmgÞ ð3Þ

Waste-to-product ratio. The waste-to-product (g/mg rHSA) represents
the total mass of biomass and chemical waste generated per mg of pur-
ified protein (see Eq. 4). Biomass waste included spent plant material and
residual cell debris, while chemical waste included extraction solvents,
chromatography buffers, and discarded culture media. A higher WPR
indicates lower resource efficiency45. Data were collected at each stage of
the workflow, and process modifications such as biomass valorization
and solvent recovery were explored as potential strategies for waste
reduction.

WPR ¼ Mass of Waste Generated
Yield of Purified HSAðmgÞ ð4Þ

Process mass intensity. Process mass intensity was calculated as the
total mass of all rawmaterials, including solvents, buffers, growth media,
and biomass, used per milligram of purified rHSA to evaluate overall
process efficiency (see Eq. 5). This assessment systematically quantifies
solvent usage, energy consumption, waste generation, and process mass
intensity, providing a comprehensive sustainability profile of plant-based
rHSA production. The total mass input accounts for all materials utilized
from plant cultivation through final protein purification. Lower PMI
values indicate a more resource-efficient and sustainable process, facil-
itating comparisons with alternative biomanufacturing platforms61.

PMI ¼ Mass of Input MaterialsðgÞ
Yield of Purified HSAðmgÞ ð5Þ

Green analytical procedure assessment
Green analytical procedure index. The GAPI was employed to assess
the sustainability of the analytical workflow, focusing on solvent and
reagent selection, energy efficiency, waste management, and safety con-
siderations. The assessment was structured using a GAPI pictogram,
where each factor was color-coded: green indicating optimal sustain-
ability and red signifying high environmental impact. This approach
provided a quantitative and visual representation of the ecological foot-
print of the analytical process. Key parameters evaluated included sample
preparation efficiency, chemical safety, waste minimization, and opera-
tional sustainability. The methodology was applied following established
guidelines16.

Complex modified GAPI
The ComplexMoGAPI extended the GAPI framework by incorporating
additional sustainability parameters, including instrumental energy effi-
ciency, analytical throughput, andwaste-to-product ratios (WPRandPMI).
This assessment accounted for energy consumption from LC-MS instru-
mentation, solvent usage in protein characterization, and analytical waste
generation, enabling a more comprehensive evaluation of sustainability
within the rHSA production workflow. The analysis was conducted fol-
lowing established sustainability assessment protocols (WPR and PMI)17,45.
By integrating ComplexMoGAPI, the study provided quantitative insights
into the environmental benefits and potential impact reductions associated
with plant-based transient expression systems.

Data availability
All data presented in the study are included in the article or as electronic
supplementary material. Other inquiries can be made available on reason-
able requests to the corresponding author/s.
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