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Copper contamination of drinking water and marine areas is detrimental to human health and the environment. Physical and chemical approaches currently used for copper removal from water tend
to be expensive and may introduce chemicals to the water. Using
suspended algae to remove copper is a biological approach. Its
cost is relatively low, and algae can be used for other purposes
after being used for copper removal. However, this approach
using algae is currently limited in its usefulness due to technological barriers. For example, chemical agents used to remove suspended algae from water after copper is absorbed can cause
secondary contamination. Using immobilized algae instead of suspended algae can overcome these problems. In this preliminary
study, hydrogel ﬁlters containing algae cells and those containing
no algae cells are printed on an extrusion-based 3D printer. They
were used in a custom-build ﬁltration setup for copper removal.
Experimental results show that hydrogel ﬁlters containing algae
cells reduced copper concentration in the test solution by about
83% (from 3 to 0.5 ppm) after 1 h of ﬁltration, while hydrogel
1
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1 Introduction
Copper in contaminated water can have detrimental impacts to
human health. Copper toxicity caused by contaminated water
cannot be processed by the liver and accumulates in the blood
[1]. Copper toxicity is correlated with cognitive decline [2], lysis
of blood cells, and liver scarring [3]. Chronic copper toxicity can
cause coma, blood vessel collapse, and death [4]. It is estimated
that the tap water in about 30% of American households is contaminated with copper, putting millions of Americans at risk of copper
poisoning [1]. In the year 2006, Cech et al. tested the water of 45
drinking fountains in ﬁve public buildings in Houston, Texas [5].
They found that the copper concentration was up to 5 ppm [5],
exceeding the maximum allowable level of 1.3 ppm set by the Environmental Protection Agency (EPA) [6].
In addition, copper contamination can also be harmful to the
environment. It was reported that copper concentration in 86% of
San Diego’s marine areas exceeded EPA’s allowable level [7].
Copper contamination can cause abnormal embryo development
in marine animals [7] and negatively affect gills, liver, and intestines of ﬁsh [8].
Reported approaches to removing heavy metals (including
copper) from contaminated water include chemical approaches
(such as chemical precipitation [9–11] and carbon adsorption
[12–14]) and physical approaches (such as reverse osmosis [15–
17]). These approaches can be expensive, because removal of
metal ions from aqueous solution is not thermodynamically efﬁcient
with current approaches [18]. Additionally, the use of chemicals
may lead to secondary contamination, i.e., the chemicals used in
water treatment may themselves contaminate the water [19,20].
Besides, there are biological approaches. One of them is to use
algae suspended in water. This approach is more accessible in
places without complex infrastructure [19]. After water treatment,
the algae can be used as feedstock materials for production of
biofuel and fertilizer [21].
Currently, however, suspended algae are not used to treat contaminated water at an industrial scale due to a number of technical barriers. It is difﬁcult and expensive to collect algae after treatment
[19,21]. Chemical agents are often used to harvest suspended algae
from water, creating chemical waste [22]. Furthermore, suspended
algae that are not removed from natural bodies of water might lead
to algae blooms, i.e., excessive growth of algae [19,23]. Algae
blooms can have several detrimental impacts, for example, depleting
oxygen in marine bodies as algae decompose [24]. The depletion of
oxygen can kill marine life and decrease biodiversity [25].
Printed hydrogel ﬁlters containing algae cells can potentially
overcome these technical barriers. After treatment of contaminated
water, these hydrogel ﬁlters containing algae cells can be easily
removed from water without using chemical agents. Furthermore,
because algae cells are immobilized in the hydrogels of printed
ﬁlters, there is very limited chance for the algae to leak out, contaminate treated water, or cause algae blooms in natural bodies of water.
The literature contains only limited publications on bioprinting
with algae cells. Lode et al. used hydrogel containing Chlamydomonas reinhardtii algae cells and human bone cells to print scaffolds
[26]. The algae cells provided oxygen required for the survival of
the human bone cells in the printed hydrogel scaffolds. Krujatz
et al. [27] compared algae cell growth in alginate:methylcellulose
scaffolds (printed by an extrusion-based bioprinter) with algae
cell growth in liquid suspension. Their results showed that algae
embedded in printed scaffolds had a higher growth rate.
Their intended applications were production of biofuel and
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ﬁlters containing no algae cells reduced copper concentration in
the test solution by about 50% (from 3 to 1.5 ppm) after 1 h of ﬁltration. [DOI: 10.1115/1.4050761]

solution was then placed under lightbulbs for 24 h to allow algae
cells to grow. These additional steps were added to ensure that
the algae cells had access to fresh liquid TAP medium. The fresh
medium was ideal for cell growth [35], because it contained fresh
nutrients and not accumulated cellular waste products, such as
free radicals and methane.
2.2 Preparation of Hydrogel Bioink. The bioink preparation
procedure is described in a previously published paper [33]. The
cell concentration of the hydrogel bioink (used to print hydrogel
ﬁlters containing algae) was 150,000 cells/ml. The cell concentration was chosen based on a study previously published by the
authors [34]. In that study, the effects of extrusion pressure and
needle diameter on cell quantity in 3D-printed samples were
investigated.
2.3 Design and Printing of Hydrogel Filters. The ﬁlter was
designed using Fusion 360 (Autodesk, San Rafael, CA), shown in
Fig. 1. The ﬁlters had a shape of a square disk. Its length was
25 mm and thickness was 1.5 mm. It also had eight through holes
with a diameter of 2 mm. The STL (standard tessellation language)
ﬁle generated by FUSION 360 software was converted into a G-code
ﬁle using SLICER software (SLICER.org, USA). This G-code ﬁle was
then imported into ALLEVI BIOPRINTER software (Allevi Inc., Philadelphia, PA).
Allevi 1 bioprinter, shown in Fig. 2, was used to print the ﬁlters.
Five milliliters of bioink were loaded into the extrusion syringe
(Allevi Inc.) equipped with a 30-gauge needle (Allevi). Each of

Fig. 1 Filter design

2 Materials and Methods
2.1 Preparation of Algae Cells. The majority of the algae
preparation procedure is described in a paper previously published
[34]. Chlamydomonas reinhardtii algae strain cc125 (Chlamydomonas Resource Center, University of Minnesota, Minneapolis,
MN) was used for algae cell preparation. In addition to the steps
of the previous procedure [34], 10 ml of the tris acetate phosphate
(TAP)–algae solution was added to a new ﬂask (VWR, Radnor,
PA) that contained 100 ml of liquid TAP medium, producing a
110 ml of TAP–algae solution. The new ﬂask of the TAP–algae
104502-2 / Vol. 143, OCTOBER 2021

Fig. 2 Allevi 1 bioprinter
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synthesis of additives useful in the pharmaceutical and food industries [27].
The literature has reported studies on using hydrogel beads to
remove copper from test solutions, although no reported studies
on using printed hydrogel ﬁlters containing algae to remove
copper from test solutions. For example, hydrogel beads made of
alginate were used to remove copper from water in several
studies. Tam et al. [28] used alginate beads with a total volume of
600 ml to treat 1.8 l of water solution with copper concentration
of 30 ppm. Copper concentration of the solution was reduced to
3 ppm after 5 h of treatment and did not decrease further with additional treatment time. Singh et al. [29] varied multiple factors when
testing copper removal by alginate beads, including quantity of alginate, initial copper concentration, pH of water solution, and ﬁltration time. In the least effective set of conditions, alginate beads
reduced copper concentration by 3.1%. In the most effective set
of conditions, alginate beads reduced copper concentration by
85.3%. The most and least effective sets of conditions had identical
alginate quantity and initial copper concentration. However, the
most effective set of conditions had longer ﬁltration time and
lower pH than the least effective set of conditions. Papageorgiou
et al. [30] reported that 1 g of alginate beads reduced copper concentration of 1 l of water from 100 ppm to 5 ppm, after 5 h of treatment. Copper concentration did not signiﬁcantly decrease with
more than 5 h of treatment.
It has also been reported that adding algae cells in alginate beads
could accelerate the removal of copper from the solution. Aksu et al.
[31] reported that alginate beads alone removed a maximum of
approximately 80 ppm of copper from 1 l of water, while alginate
beads containing algae Chlorella vulgaris removed a maximum
of 92 ppm of copper from 1 l of water. For both conditions, beads
were in contact with water for 6 h. Mata et al. [32] reported that alginate beads reduced the concentration of copper by 38 ppm from 1 l
of water after 24 h, while alginate beads containing algae F. avesiculosus removed the same amount of copper after 4 h. The beads
containing algae removed a maximum of 57 ppm of copper from
1 l of water after 24 h.
There are potential beneﬁts of using 3D-printed ﬁlters over alginate beads. Alginate beads usually have a diameter as small as
0.4 mm [30]. The larger size of 3D-printed ﬁlters makes it easier
to remove them from bodies of water after copper removal. Additionally, alginate beads are susceptible to dissolve in water [33]. The
hydrogel used to print ﬁlters contains methylcellulose, which
should be able to prevent the ﬁlters from dissolving, and the shape
of printed ﬁlters can be controlled to better ﬁt their applications.
Currently, the literature has no reported study on 3D printing of
hydrogel ﬁlters containing algae cells for copper removal from contaminated water. This paper reports the ﬁrst study in the literature on
3D printing of hydrogel ﬁlters containing algae cells for copper
removal from contaminated water. In this study, hydrogel ﬁlters
containing algae cells and those containing no algae cells were
printed on an extrusion-based 3D printer. They were then used in
a custom-build ﬁltration setup for copper removal. Test solution
with copper concentration of 3 ppm was prepared and circulated
through the ﬁltration system for 4 h. Samples of the test solution
were taken every 1 h. Copper concentration data of these samples
were analyzed.

Waltham, MA) and contains less than 0.00001 ppm of
trace metals.
Step 2: Using a pipette (Rainin, Oakland, CA), 0.6 ml of ultrapure water was removed from the beaker, leaving 199.4 ml
of water inside the beaker.
Step 3: Using a pipette, 0.6 ml of 1000 ppm copper stock solution
(Sigma-Aldrich, St. Louis, MO) was added to the beaker of
ultrapure water. The copper concentration of the 200 ml of
test solution in the beaker became 3 ppm.
Step 4: The test solution was evenly divided, with the help of a
pipette, into two separate 250-ml beakers, each containing
100 ml of test solution.
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Fig. 3

Custom-made ﬁltration setup

the ﬁlters was printed on a 10-cm petri dish (VWR, Radnor, PA).
Printing speed was 6 mm/s and extrusion pressure was 95 psi.
The layer height was 0.1 mm.
Immediately after printing, 5 mm of 4%, w/v, CaCl2 solution was
added to the petri dish containing the printed ﬁlter for 2 min to allow
for crosslinking of alginate [36]. The crosslinking creates chemical
bonds between polymer chains of the printed ﬁlters, in order for the
ﬁlters to maintain their printed shape. After crosslinking was completed, liquid TAP media was then poured over the ﬁlters to allow
the algae cells to grow. The ﬁlters were then kept at room temperature, under lightbulbs for four days to give the algae cells sufﬁcient
time to grow.
Hydrogel ﬁlters containing algae cells and those containing no
algae cells were printed using the same printing conditions and
on the same day. A previously published study [34] has demonstrated that algae cells can successfully grow in 3D-printed hydrogel
samples.

2.4 Custom-Made Filtration Setup. The custom-made ﬁltration setup is shown in Fig. 3. It mainly consisted of a peristaltic
pump, pump tubing, a ﬁltration chamber, an outﬂow tube, a
valve, and a beaker. The ﬁltration chamber, as shown in Fig. 4, consisted of a segment of acrylic cylinder, and four platforms printed
using Stratasys PolyJet 750. The computer-aided design (CAD)
model of the platforms is shown in Fig. 5. The circular platforms
had a diameter of 46 mm, and a total height of 22 mm. The platforms were vertically stackable, allowing them to be placed on
top of each other. Each platform had a recess with a sieve-like
bottom (for placing a printed ﬁlter). The sieve-like bottom had 13
holes with a diameter of 2 mm. The bottom end of the ﬁltration
chamber was connected to a valve to control the ﬂowrate of test
solution going out of the chamber. An outﬂow tube was connected
to the valve at one end (with the other end inside a beaker) to direct
the ﬂow of test solution out from the ﬁltration chamber.
A 100-ml beaker (VWR, Radnor, PA) was used to collect the test
solution from the outﬂow tube. The peristaltic pump (model no.
3386, Control Company, TX), together with pump tubing, was
used to circulate the test solution from the beaker through the ﬁltration chamber. One end of the pump tubing was placed inside the
beaker and the other end was placed inside the ﬁltration chamber.

2.5 Test Solution Preparation. The following steps describe
the test solution preparation and are shown in Fig. 6.
Step 1: A 500-ml beaker (VWR) was ﬁlled with 200 ml of ultrapure 18.2 megohm water. The ultrapure water was obtained
from an ultrapure water ﬁltration system (Barnstead,
Journal of Manufacturing Science and Engineering

Fig. 4

Filtration chamber
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The test solution in one beaker was for the ﬁltration experiment
using hydrogel ﬁlters containing algae cells, and the test solution in
the other beaker was for the ﬁltration experiment using hydrogel
ﬁlters containing no algae cells. The test solution was prepared on
the same day the ﬁltration experiments were performed. Copper
concentration of 3 ppm was chosen to compare with a previously
published study. In the previous study, suspended algae were
used to remove copper from test solutions that had copper concentration of 3 ppm [37].

2.6 Filtration Experiment Procedure. The ﬁltration experiment setup was put together and the ﬁltration experiments were performed in the biosafety cabinet to prevent contamination. The
ﬁltration experiment procedure had the following steps.

Fig. 7 3D-printed hydrogel ﬁlter inside the recess of a platform

Step 1: The components of the ﬁltration setup were placed inside
the biosafety cabinet.
Step 2: A hydrogel ﬁlter was placed on one of the 3D-printed
platforms, as shown in Fig. 7.
Step 3: The platform, together with the ﬁlter, was placed inside
the ﬁltration chamber.
Step 4: Steps 2 and 3 were repeated until all four platforms (and
hydrogel ﬁlters) were vertically stacked inside the ﬁltration
chamber.
Step 5: The valve at the bottom of the ﬁltration chamber was
closed, and 100 ml of test solution was pumped into the
chamber from the 250-ml beaker. This amount of test solution in the ﬁltration chamber was enough to completely submerge the platforms and ﬁlters.
Step 6: The valve was opened to allow the test solution to ﬂow
out of the ﬁltration chamber through the outﬂow tube and
into the beaker. The valve was set to allow a ﬂowrate of
15 ml/min.
Step 7: After the valve was opened, the peristaltic pump was set
to continuously pump the test solution from the beaker into
the ﬁltration chamber. The ﬂowrate of the pump was also
set at 15 ml/min. This was done to maintain constant
volume of test solution in the chamber. Approximately
5 ml of test solution were in the beaker at any time, and
95 ml of test solution were in the ﬁltration chamber.
The same ﬁltration procedure was followed for the experiment
using hydrogel ﬁlters containing algae and those without algae.
Both experiments were conducted on the same day.
2.7 Sample Collection and Measurement of Copper
Concentration of the Samples Using Inductively Coupled
Plasma-Mass Spectrometry. The ﬁltration experiment started
when the valve was opened, and ended after 4 h. Three samples
of test solution were taken from the beaker at the start of the experiment and at intervals of 1 h, until 4 h had passed.
The following steps are for collecting samples, preparation of the
samples for copper concentration measurement, and copper concentration measurement on the inductively coupled plasma-mass spectrometry (ICP-MS).

Fig. 6 Test solution preparation

104502-4 / Vol. 143, OCTOBER 2021

Step 1: For each sample, approximately 0.2 ml of test solution
was collected and put in a 1.5-ml Eppendorf tube (Eppendorf, Framingham, MA).
Step 2: For each sample, there was a 50-ml BD tube (Becton
Dickinson, Franklin Lakes, NJ) ﬁlled with 10 ml of 2%
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Fig. 5 CAD design of the platform

Fig. 8 Relationship between copper concentration and ﬁltration
time

3 Results and Discussion
Copper concentration measurement data of all samples are in
Tables 1 and 2. Figure 8 shows the relationship between copper
concentration in the test solution and ﬁltration time the test solution
had been in the ﬁltration chamber. The error bars represent one standard deviation of measured data for the three samples at each data
point. The green horizontal line represents the detection limit of
the ICP-MS instrument. For the hydrogel ﬁlters containing algae
cells, between the start of the ﬁltration experiment and 1 h ﬁltration
time, copper concentration decreases by 82.3%. After 2 h of ﬁltration, copper concentration decreases to below the detection limit of
the ICP-MS instrument. Conservatively, this detection limit is
0.001 ppm [38]. Copper concentration remains below the detection
limit of the ICP-MS instrument for ﬁltration time of 3 h and 4 h.
Observing the relationship curve for the hydrogel ﬁlters containing no algae cells, between the start of the ﬁltration and 1 h ﬁltration
time, copper concentration decreases by 47.8%. By 2 h of ﬁltration
time, copper concentration decreases by 82.5% from the initial
copper concentration. This decrease in copper concentration is relatively smaller in comparison to hydrogel ﬁlters containing algae
cells. Copper concentration of test solution ﬁltered by hydrogel
ﬁlters containing no algae cells decreases below the ICP-MS detection limit at 3 h of ﬁltration time and remains below the detection
limit at 4 h ﬁltration time. The hydrogel ﬁlters containing algae
cells can remove copper almost twice as fast as hydrogel ﬁlters containing no algae cells.
Non-parametric Kruskal–Wallis tests were conducted to evaluate
whether there is a statistically signiﬁcant relationship between
copper concentration of test solution and ﬁltration time (analysis
of variance (ANOVA) analysis could not be used for this purpose
because the two basic assumptions were not met). A p-value of
Table 1 Measurement data of copper concentration (ppm) for
hydrogel ﬁlters containing algae cells
Time (h)
0
1
2
3
4

Sample 1

Sample 2

Sample 3

Mean

Standard deviation

3.088
0.458
0.001
0.001
0.001

2.913
0.715
0.001
0.001
0.001

2.911
0.525
0.001
0.001
0.001

0.083
0.136
0.001
0.001
0.001

0.083
0.136
0
0
0

Table 2 Measurement data of copper concentration (ppm) for
hydrogel ﬁlters containing no algae cells
Time (h)
0
1
2
3
4

Sample 1

Sample 2

Sample 3

Mean

Standard deviation

3.088
1.876
0.678
0.001
0.001

2.913
1.009
0.513
0.001
0.001

2.911
1.76
0.358
0.001
0.001

2.971
1.548
0.519
0.001
0.001

0.083
0.384
0.134
0
0

0.0082 was obtained on performing the Kruskal–Wallis tests.
This indicates that, at the signiﬁcance level of 0.01, there is a statistically signiﬁcant relationship between copper concentration and ﬁltration time. Information about the Kruskal–Wallis test, ANOVA,
and p-value can be found in textbooks such as the one by Ott and
Longnecker [39].
In a study conducted by the authors, suspended algae cells were
used to remove copper from test solutions [37]. Two levels of initial
copper concentration of the test solutions were 1.5 and 3 ppm,
respectively. Two levels of contact time (of algae with test solutions) were 2.5 and 5 h, respectively. Four possible combinations
of initial copper concentration and contact time were tested. The
suspended algae were able to decrease copper concentration from
1.5 ppm to 0.038 ppm after 2.5 h. For comparison, printed algae
ﬁlters were able to decrease copper concentration from 3 ppm to
less than 0.001 ppm after 2 h.

4 Concluding Remarks
Extrusion-based 3D bioprinting was used to print hydrogel ﬁlters
with and without algae cells. These ﬁlters were used to remove
copper in test solution. It was concluded that hydrogel ﬁlters with
and without algae cells can reduce copper concentration in test solution, and hydrogel ﬁlters containing algae cells remove copper twice
as fast as hydrogel ﬁlters containing no algae cells.
Further studies are needed to investigate the amount of copper
that can be removed from solution by a hydrogel ﬁlter containing
algae cells and the time required to remove the copper. Further
investigations are also planned to determine whether any potential
metabolic wastes are produced by algae during the ﬁltration
process, to evaluate the potential risk of contaminants by algae
ﬁlters. In addition, studies are needed to investigate whether hydrogel ﬁlters containing algae cells can be used to remove other heavy
metals, such as arsenic, cadmium, and lead from contaminated
water, since these heavy metals are responsible for numerous ill
effects on human health and the environment. Other future
studies can include investigations on the differences in metal
removal between various species of algae contained in the hydrogel
ﬁlters, the lifespan of printed hydrogel ﬁlters containing algae, and
3D printing methods to print more dimensionally accurate hydrogel
ﬁlters.
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nitric acid. The 2% nitric acid was prepared by diluting 70%
TraceMetal Grade nitric acid (Fisher Scientiﬁc, Waltham,
MA) with ultrapure 18.2 megohm water.
Step 3: The test solution samples were diluted. To perform the
dilution, a pipette was used to transfer 0.01 ml of test solution from the Eppendorf tube to a BD tube containing
10 ml of 2% nitric acid. It was necessary to dilute the
samples by a factor of 1000, because the ICP-MS instrument
cannot measure copper concentration above 0.2 ppm.
Step 4: ICP-MS was used to measure the copper concentrations
of the diluted samples in the BD tubes. Prior to every measurement, a solution of 2% nitric acid was used to wash off
residual copper left on the instrument from the previous
measurement.

Data Availability Statement
The datasets generated and supporting the ﬁndings of this article
are obtained from the corresponding author upon reasonable
request. The authors attest that all data for this study are included
in the paper.
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